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ABSTRACT

Many decades of experimental and theoretical research on the origin of life have yielded important discov-

eries regarding the chemical and physical conditions under which organic compounds can be synthesized

and polymerized. However, such conditions often seem mutually exclusive, because they are rarely encoun-

tered in a single environmental setting. As such, no convincing models explain how living cells formed from

abiotic constituents. Here, we propose a new approach that considers the origin of life within the global

context of the Hadean Earth. We review previous ideas and synthesize them in four central hypotheses: (i)

Multiple microenvironments contributed to the building blocks of life, and these niches were not necessarily

inhabitable by the first organisms; (ii) Mineral catalysts were the backbone of prebiotic reaction networks

that led to modern metabolism; (iii) Multiple local and global transport processes were essential for linking

reactions occurring in separate locations; (iv) Global diversity and local selection of reactants and products

provided mechanisms for the generation of most of the diverse building blocks necessary for life. We con-

clude that no single environmental setting can offer enough chemical and physical diversity for life to origi-

nate. Instead, any plausible model for the origin of life must acknowledge the geological complexity and

diversity of the Hadean Earth. Future research may therefore benefit from identifying further linkages

between organic precursors, minerals, and fluids in various environmental contexts.
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INTRODUCTION

The settings for the origin of life are unknown and greatly

debated. Historically, these debates have revolved around

what requirements for the origin of life are met – or not met

– by a particular environmental setting. In particular, dis-

agreements over which environmental factors are best suited

for the synthesis of individual organic polymers have domi-

nated origin of life research. This focus on synthesis has been

wildly successful in terms of discovering properties of bio-

chemical molecules, but it offers little insight into the condi-

tions necessary to achieve all of the properties essential to a

self-replicating entity that is capable of Darwinian evolution.

A wide chasm exists between what is known about the

mechanisms involved in the synthesis of organic com-

pounds and an understanding of the sequence of reactions

leading to a proto-metabolic network or to replicating

macromolecules, a situation exemplified by the RNA world

hypothesis. One probable root cause of this disconnect

is the notion, originally promulgated by Darwin and

Haldane, that life arose in a single location – a ‘primordial

soup’ – which hosted a suite of different organic com-

pounds. Modifications to this model include periods of

evaporation to facilitate organic polymerization and the

periodic input of high-energy processes such as lightning

discharge, bolide impacts, radioactive decay, and/or ultra-
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violet radiation. Although much useful information has

resulted from this approach, including a broader under-

standing of mechanisms leading to the abiotic synthesis

and polymerization of organic compounds, most research

within the primordial soup model has been limited to labo-

ratory experiments that do not yield sufficient insight into

how natural processes on the early Earth would have

resulted in the emergence of life.

As a way forward, we propose that environmental com-

plexity was a necessary requirement for the origin of biolog-

ical complexity. A large number of steps must have been

required to produce a living entity from organic precursors,

suggesting that a wide range of environmental conditions

must have been involved in the origin of life. Furthermore,

life may not have been the product of a highly unlikely

sequence of events, but instead the gradual outcome of a

number of frequently occurring and inter-related processes.

We illustrate our proposition by examining eight broad cat-

egories of possible environmental settings of the Hadean

Earth (3.8–4.5 Ga) that could have contributed one or

more of the ‘reaction-steps’ leading to life. Although our

limited knowledge of the Hadean Earth is a clear impedi-

ment to this line of research, there are enough features of

the Hadean that are known or can be inferred to provide

useful constraints to the origin of life. We also take advan-

tage of the extensive literature that delineates the range of

physical and chemical conditions that can result in the syn-

thesis of organic precursors; these include conditions out-

side of the bounds for life as we know it. We thus uncouple

the conditions that may have led to the origin of life from

life itself. Four central hypotheses, derived from a synthesis

of previous ideas, permeate our argument and are devel-

oped throughout the text:

Hypothesis 1: The various settings that contributed

to the origin of life were not necessarily coupled in

time or space to the settings that supported the

growth of the earliest microbial communities.

Hypothesis 2: Mineral catalysis provided high con-

centrations of organic compounds important for the

synthesis of macromolecules and high-energy

compounds, such as acetyl-CoA, through ‘proto-

metabolic’ networks that necessitated catalysis by

multiple minerals.

Hypothesis 3: Dynamic surface and subsurface circu-

lation systems were necessary to transport various

organic compounds synthesized under specific sets of

conditions to other environments for further reac-

tions. This resulted in a greater diversity of organic

compounds and prebiotic reaction networks.

Included in these different environmental settings

was a narrow subset of environmental conditions

that spawned and maintained early life forms.

Hypothesis 4: Global diversity and local scarcity of

reactants and products were keys for prebiotic chem-

istry. Each unique environmental setting in the

Hadean would have favored the production of a few

important compounds, and mixing processes on

large and small scales allowed the products of each

setting to interact with each other (Fig. 1). Thus, on

a global scale, the great variety of ingredients

required for life could be generated and combined in

biochemically more productive ways than it would

be possible in a primordial soup at one location.

One advantage of a single setting for the origin of life

may be the close spatial proximity of different reactions.

However, the possibility of dilution does not make it

implausible to envision the origin of life as a global

phenomenon. First, under anoxic conditions and prior to

the evolution of heterotrophy, organic matter would

presumably have had a much longer lifetime in the ocean,

allowing compounds to accumulate to high concentrations

(e.g. Lasaga et al., 1971; Bada, 2004). Secondly, numer-

ous mechanisms in many environmental settings, in

particular adsorption and encapsulation (Section ‘Concen-

tration’), would have concentrated molecules from diluted

fluids in a range of local environments. The characteristic

sorption and diffusion properties of different molecules

could have led to chemical selection (Sections ‘Particles as

stabilizing agents for transport’ and ‘The benefits of gradi-

ents in prebiotic chemistry’), such that specific compounds

may have become concentrated from a diverse mixture.

Lastly, we argue that the origin of life was a natural out-

growth of fundamental geological processes. Instead of

constructing specialized scenarios that circumvent the risk

of dilution for specific important compounds, it may there-

fore be more fruitful to identify how such compounds

could have been generated from the most important

geochemical processes on the early Earth.

We are not attempting to provide an answer to the ques-

tion of which environment served as the setting in which

Fig. 1 Abstract illustration of how the abundance of compounds A to E dif-

fers between settings with different physicochemical conditions (boxes) and

selective transport processes (arrows).
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the first living organism formed and thrived. Rather, we

propose that future research in this field should consider

the larger context of individual settings by treating them as

potentially linked components of a global chemical reactor.

To this end, this review paper seeks to synthesize previous

work on potential Hadean environments in which impor-

tant prebiotic reactions may have occurred in order to

place the origin of life within a global context, with the

aim of presenting a fresh perspective on the origin of life

and, moreover, evaluating the possibility of a second

independent origin of life on another planetary body.

PREREQUISITES FOR THE ORIGIN OF LIFE

While there is active debate regarding the precise require-

ments for the origin of life, it is generally agreed that they

include a source of energy, a source of carbon, and a

means of concentration and catalysis. What follows is a

necessarily brief overview of each of these prerequisites and

how they might have been provided on the Hadean Earth.

For more exhaustive discussions of these topics, see De

Duve (1995), Lahav (1999), Morowitz (2004), Hazen

(2005), Deamer (2011), and Hazen (2012).

Energy

We define energy as a collective term for all the drivers of

physical and chemical processes that were necessary for pre-

biotic chemical reactions to proceed (e.g. Deamer (2007)

and Deamer & Weber (2010)) Of the various forms of

energy that were required for the origin of life, metabolic

energy is the only internal energy source (Deamer (2007));

i.e. it is electrochemical energy carried within high-energy

molecules like ATP that can be stored inside a cell. Modern

life harnesses electrochemical energy by coupling reduced

and oxidized chemicals obtained from the environment,

and it may be expected that the precursors to modern met-

abolic cycles operated on the same principle. We therefore

expect that a redox gradient would have been important in

an origin of life setting to establish proto-metabolism (Sec-

tion ‘The benefits of gradients in prebiotic chemistry’).

Maintaining a redox gradient over geologically significant

periods of time requires continuous sources of external

energy, and the two largest and most ubiquitous sources of

energy on Earth are solar radiation and geothermal heat.

Solar energy can create species useful for modern life

and potentially also for prebiotic chemistry by photolysis of

atmospheric constituents. For example, UV photolysis of

volcanogenic SO2 and H2S is thought to have produced a

mixture of SO2, H2S, S0 and H2SO4 (Farquhar et al.,

2001; Ono et al., 2003), which could have acted as impor-

tant oxidation or reduction species for protometabolisms.

Another photolytic product may have been Fe3+ produced

from Fe2+ in the surface ocean (Anbar & Holland, 1992).

Nitrate (NO�
3 ) may have been produced during lightning

events (reviewed in Ducluzeau et al., 2008) and served as

an electron acceptor or as a source of fixed nitrogen.

Geothermal energy, which drives mantle convection,

plate tectonics, and hydrothermal circulation of water

through the crust, can also be translated into electrochemi-

cal energy because the process of planetary differentiation

has set up a redox gradient between water and ferrous iron

contained in oceanic crust. Consequently, aqueous alter-

ation of oceanic crust by serpentinization (Section ‘Hydro-

thermal systems’) results in the production of molecular

hydrogen (H2) and oxidized (ferric) iron (McCammon,

2005; Hellevang, 2008). H2 can in turn serve as an electron

donor to volcanogenic CO2 or to other oxidants produced

by photolysis or lightning. The extent to which H2 in the

Hadean would have vented from hydrothermal chimney-like

structures with highly focused flow (resulting in high local

H2 concentrations), vs. venting from diffuse flow systems

(H2 distributed over a larger area, resulting in lower local

concentrations), remains poorly constrained. Massive quan-

tities of H2 (up to 50 bars) were also generated during the

moon-forming impact at 4.5 Ga by oxidation of ferrous

iron (Fe2+) and platinum group elements in the mantle

(Sleep et al., 2004). After the moon-forming impact, global

atmospheric H2 levels decreased due to loss to space, but

the timing and rates of this process are unclear (Tian et al.,

2005, 2006; Catling, 2006). On the anoxic Hadean Earth,

H2 presumably had a significantly longer lifetime and was

therefore probably ubiquitous in most environments.

Protometabolic cycles and early metabolisms would have

depended upon the presence of a continuously produced

redox couple. While photolysis and lightning could have

produced locally high concentrations of reactive com-

pounds that fueled important reactions in environmental

niches, geothermally produced H2 and volcanogenic CO2

in particular may have been the drivers of many prebiotic

and early biotic reactions on a global scale. One advantage

of the H2 + CO2 redox couple as a source of electrochemi-

cal energy is that both species are volatile, sufficiently

water-soluble, and can easily diffuse into organic or inor-

ganic compartments because they are uncharged. Conse-

quently, this source of electrochemical energy would likely

have been abundant in most or all environmental settings

on the Hadean Earth.

Synthesis of organic carbon compounds

Initial stages in the origin of life likely required a continu-

ous source of organic compounds to act as precursors to

important biological polymers. Those prebiotic monomers

had to be activated, e.g. by loss of water molecules or by

addition of phosphate, for polymerization to be thermody-

namically feasible (Deamer & Weber, 2010). Broadly speak-

ing, three prebiotic sources of organic compounds are most
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commonly described: electrical discharge or ultraviolet radi-

ation; input from meteorites, particularly carbonaceous

chondrites; and reactions associated with sites of active ser-

pentinization at hydrothermal vents (Charlou et al., 1998).

The basic building blocks of life as we know it consist

primarily of nucleotides, peptides, lipids, and carbohy-

drates. Mechanisms have been found that can produce sub-

sets of all those basic building blocks (Table 1). There is

no consensus on how prevalent those mechanisms would

have been on the Hadean Earth, but, as discussed below,

they do not mutually exclude each other on a global scale.

It is therefore plausible that many of the building blocks

formed through different mechanisms and interacted with

each other in prebiotic reaction networks.

One often-discussed and potential source of organic

compounds is meteorites, including interplanetary dust,

which may have delivered organic material (Chyba & Sa-

gan, 1992; Pizzarello & Shock, 2010; Schmitt-Kopplin

et al., 2010) and phosphorus (Pasek & Lauretta, 2005) or

produced HCN in the atmosphere by shock heating (Chy-

ba & Sagan, 1992). Experimental work suggests that

under UV radiation, biological co-factors (Meierhenrich

et al., 2005) and non-racemic amino acids (de Marcellus

et al., 2011) can be produced in interstellar ices, which

may have been delivered to Earth through comet impacts.

Given the pervasiveness of H2 and CO2 on the Hadean

Earth (section ‘Energy’), reactions between these two com-

pounds may have occurred in multiple environmental

settings and produced myriads of organic compounds. So

far, this process has mostly been studied in the context of

serpentinization-driven hydrothermal systems, where H2 is

most abundant today (Proskurowski et al., 2008). The

power of H2 to drive biochemical synthesis (Morita, 1999;

Nealson et al., 2005) is most evident in the persistence of

dense biofilm communities around modern sites of active

H2-production such as the Lost City vent field. However,

H2 also plays an important role in other modern ecosys-

tems because H2-transfer is at the heart of almost every

biochemical reduction or oxidation reaction (Nealson

et al., 2005). It is therefore conceivable that H2 fueled

many prebiotic synthesis reactions by coupling not only

with CO2 but also with organic substrates.

Catalysis

Catalysts increase the rate of chemical reactions by reduc-

ing the activation energy of chemical reactions and can

serve as a means of ‘selecting’ favored products over others

(Copley et al., 2007). While proteins serve as the primary

catalysts in modern biochemistry (enzymes), coding for

complex proteins would not have been available in prebi-

otic chemistry. Instead, minerals are commonly invoked as

non-biological catalysts for life’s origin. The abundance of

specific minerals in the Hadean was controlled by geologi-

cal processes and the redox state of the Earth’s surface

(Fig. 2; see Hazen et al. (2008) and Papineau (2010) for a

more detailed review on this topic). A diversity of micro-

environments with different physicochemical characteristics

and mineral assemblages likely increased the diversity of

catalyzed primordial reactions.

We can infer which minerals are the most likely to have

been important catalysts in the prebiotic Earth through

both top-down and bottom-up approaches. For example,

the only carbon fixation pathway that is present in both

archaea and anaerobic bacteria, the reductive acetyl-CoA,

or Wood-Ljungdahl, pathway (Berg et al., 2010) (Fig. 3),

involves enzymes with catalytic centers that are remarkably

similar to metal sulfide minerals (Russell & Martin, 2004).

The minerals alone, without the organic components, can

successfully catalyze at least some of the steps in the

reductive acetyl-CoA pathway (Huber & W€achtersh€auser,

1997; Cody et al., 2000, 2004). This pathway has also

been proposed as the most ancient carbon fixation pathway

because of its simplicity (Fuchs & Stupperich, 1985; Berg

et al., 2010; Fuchs, 2011) and the phylogeny of its

proteins (Peret�o et al., 1999). Most organisms that utilize

this pathway today are fueled by the H2 + CO2 redox

couple, and the exceptions almost certainly represent

later evolutionary innovations (Bapteste et al., 2005).

Hydrogenases, which catalyze the uptake and production of

Table 1 Summary of compounds found universally in modern life and settings that have been proposed for their prebiotic synthesis

Biological

component Setting Energy source Selected references

Amino acids Atmosphere/ocean, continents, terrestrial volcanoes,

extraterrestrial synthesis (meteors), hydrothermal vents

Lightning, impact shock, heat Miller (1953); Chyba & Sagan (1992);

Tingle & Hochella (1993)

Nucleotides Evaporating pond, extraterrestrial synthesis (meteors) Evaporation, heat, UV Kvenvolden et al. (1970); Orgel (1998);

Zubay & Mui (2001); Powner et al.

(2009)

Lipids Peridotite-hosted hydrothermal vents, extraterrestrial

synthesis (meteors)

Serpentinization (Fischer-Tropsch-type

reactions), heat

Deamer (2007)

Carbohydrates Extraterrestrial synthesis (meteors), peridotite-hosted

hydrothermal vents, atmosphere/ocean, alkaline streams

Serpentinization (Fischer-Tropsch-type

reactions), lightning, heat

Deamer (2007); Benner et al. (2010)
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H2, also contain iron and/or nickel at their catalytic sites.

Both iron and nickel are commonly associated with serpen-

tinites (Sleep et al., 2004). Hence, this is consistent with

the idea that early biochemical pathways were driven by H2,

and that the first biochemical pathways evolved as mimicry

of already operating geochemical reactions (Cody & Scott,

2007). The distribution and availability of certain mineral

catalysts within different environments (Section ‘Hadean

micro-environments and their potential role in the origin of

life’) may thus help constrain the extent to which different

environmental settings may have contributed to certain

steps in the origin of life (further discussed in Section

‘Merging bioinformatics with geochemistry’).

Concentration

Mechanisms of concentration increase the overall rates of

chemical reactions. Concentration mechanisms in pore

spaces, on mineral surfaces, or within non-biogenic lipid

membranes could also have acted as prebiotic forms of

encapsulation which prevented the diffusion of biochemi-

cally useful products or even provided the grounds for

genetic heredity (Maynard-Smith & Szathmary, 1997;

Sowerby et al., 2001, 2002).

Modern life utilizes lipid membranes as encapsulation

mechanisms to prevent diffusion of cellular components, to

generate concentration gradients, and to maintain a unit of

heredity. Many researchers have focused on possible mech-

anisms for the formation of early lipid membranes, such as

micelles (Deamer et al., 2002). There is dispute, however,

regarding how early such encapsulating membranes would

have played a role in the evolution of life; some argue that

encapsulating membranes must have been an early feature

of life, while others argue that it would have been a much

later development. The latter point of view suggests that

the earliest stages of life’s formation may have involved

encapsulation through inorganic micro-compartments such

as fluid inclusions, vesicles, porous sediments and hydro-

thermal chimneys or sea-ice brine pockets (Section

‘Hadean micro-environments and their potential role in

the origin of life’). If inorganic micro-compartments served

as concentration points for prebiotic molecules, then it is

possible that lipid membranes only became important at

later stages in the origin and evolution of biochemicals

(Koonin & Martin, 2005). However, it is also conceivable

that non-biological lipid membranes played a more active

role by transporting prebiotic compounds between

different environmental settings.

Our current state of knowledge does not allow us to

constrain the prerequisites for the origin of life well

enough to identify a single environmental setting as the

location where life originated. This may change with

further experimental research, but it may also indicate that

more than one setting was necessary to provide all the

Fig. 2 Major and some important minor minerals present on the Archean Earth as inferred from the geologic record, listed in no particular order. While all

biogenic minerals for which no non-biological mechanism can be invoked would have been absent during the Hadean prior to the origin of life, the primary

mineral phases of solidifying magma and their secondary alteration products were probably similarly common. (For references see text).

© 2013 Blackwell Publishing Ltd
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energy sources, organic precursors, catalysts and concentra-

tion mechanisms. If so, then life was only able to originate

on the Hadean Earth because the unique physical, geologi-

cal and chemical attributes of individual micro-environ-

ments allowed for a greater diversity of reactions to occur

simultaneously (Fig. 1). Through global mixing processes,

these elements were able to interact and create each of the

successive stages for life’s origin.

HADEAN MICRO-ENVIRONMENTS AND
THEIR POTENTIAL ROLE IN THE
ORIGIN OF LIFE

It is almost certain that a great number of inter-connected

micro-environments existed on the Hadean Earth soon

after the formation of oceans. The age and extent of oceans

on Earth are unknown, but Hadean zircons provide geo-

chemical evidence for liquid water near the Earth’s surface

since 4.4 Ga (Mojzsis et al., 2001; Wilde et al., 2001; Ho-

skin, 2005). Geological evidence for life extends back to

3.5 billion years (Ga), possibly 3.8 Ga (reviewed in Buick,

2007); hence the origin of life most likely happened in the

early Archean (3.5–3.8 Ga) or Hadean (3.8–4.5 Ga) eon.

Although the scarcity of direct evidence preserved in the

rock record makes it challenging to draw detailed

conclusions about the micro-environments present at

that time, careful extrapolations and modeling results allow

us to identify eight broad categories of settings (Fig. 4) that

may have existed and played a role in the origin of life. For

a more detailed review of Hadean and Archean geology,

refer to Rollinson (2007) and references therein.

The atmosphere

The Earth’s atmosphere (Fig. 4A) has been prescribed a

pivotal role in the creation of life’s building blocks since the

experiments of Urey and Miller reported in 1953. The

experiments demonstrated the production of biologically

important organic compounds (including amino acids) by

passing electric charge through a mixture of gases which

were at the time considered to be the components of

Earth’s early, reducing atmosphere (H2O, CH4, H2 and

NH3) (Miller, 1953). However, the redox state of the

Hadean atmosphere is not well constrained, as it depends

(among other factors) on the escape rate of hydrogen,

which remains uncertain. Results of more recent models of

the early atmosphere range from highly reducing with as

much as 30% H2 (Tian et al., 2005; but see also Catling,

2006; Tian et al., 2006) to nearly neutral, dominated by

N2, CO2, CO, and H2O, with lesser amounts of H2, SO2,

CH4 and H2S (Kasting & Catling, 2003). Under neutral

conditions, the synthesis of organic compounds by electric

discharge is much less efficient (Schlesinger & Miller,

1983). Nevertheless, even in a neutral atmosphere a wide

array of amino acids could still have been produced by light-

ning in volcanic eruption clouds (Johnson et al., 2008),

which may have been frequent on the Hadean Earth.

The Hadean atmosphere could also have hosted particu-

late matter with catalytic surfaces. On the modern Earth,

natural dust particles are largely derived from continental

erosion. On the early Earth that fraction may have been

smaller if dry land masses were less extensive. Instead, vol-

canic ash particles may have been more abundant relative

to modern Earth. As today, wind churning the ocean sur-

face would have created seawater aerosols. Marine aerosols,

volcanic ash, and dust particles could have acted as a

continually recycled population of reaction chambers and

catalytic surfaces, experiencing variable degrees of

radiation, temperature and water activity during vertical

and horizontal atmospheric transport (Dobson et al.,

2000; Tuck, 2002). In particular, dehydration of amino

acids during atmospheric transport has been suggested as a

mechanism for activation and polymerization (Tuck,

2002). Additionally, amphiphiles (organic molecules with

both hydrophilic and lipophilic properties) including stearic

and oleic acids have been shown to form exterior films on

marine aerosols that could have served as proto-membranes

in prebiotic chemistry (Tervahattu et al., 2002; Donaldson

et al., 2004). The source alkanes for these amphiphiles on

the early Earth may have been derived from the reaction of

Fig. 3 The reductive acetyl-CoA pathway of carbon fixation (as employed

by methanogens), annotated to highlight steps that involve metals and

sulfur, all of which are common in hydrothermal systems. Metals and sulfur

found in the corresponding enzymes for each step are shown at the right,

and metal-sulfur clusters in ferredoxin cofactors are shown at the left. The

atomic structure of the FeNiS complex associated with the acetyl-CoA-gen-

erating step is remarkably similar to that of the mineral greigite (Russell &

Martin, 2004). Other information compiled from (Ragsdale, 1991) and

(Ljungdahl, 1986).
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water with iron carbide derived from Earth’s interior or

perhaps from iron-rich meteorites where such carbides exist

(Marquez et al., 1996). Thus, the Hadean atmosphere

likely created a large number of concentration points for

potential prebiotic organic synthesis reactions.

Another important role of the modern atmosphere is

to protect life in surface environments from solar UV

radiation. In the Hadean, the Sun’s output in the extreme

UV range was stronger than it is today (Cockell, 2000),

while at the same time the Earth was lacking a protective

ozone layer (reviewed in Catling & Kasting, 2007). It is

possible that a hydrocarbon haze acted as a UV shield

transparent to visible light (Wolf & Toon, 2010), but in

the absence of a UV shield, solar UV radiation could have

had both positive and negative impacts on prebiotic

chemical reactions in the lower atmosphere and in surface-

exposed settings, through either activating or destroying

prebiotic molecules.

Water bodies on land

Continental crust may have appeared as early as 4.35 Ga,

as suggested by isotopic evidence from detrital zircons

(Harrison et al., 2008), but this interpretation is still

A B

C D

E F

G H

Fig. 4 Examples of micro-environments on the Hadean Earth and their major physicochemical properties relevant to the origin of life. Micro-compartments

that can concentrate reagents are marked with red asterisks.
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debated (e.g. Pietranik et al., 2008; Kemp et al., 2010).

Models for the evolution of continental crust volume show

a possible range from >50% of today’s volume at 3.8 Ga

(e.g. Brown, 1979; Armstrong, 1981) to <5% (e.g. Veizer

& Jansen, 1979; McLennan & Taylor, 1982). Most

authors favor the idea that continental crust was not

widespread during the Hadean; however, that does not

preclude the presence of land masses exposed to the

atmosphere. Islands could have been created by hotspot

volcanism, by crustal expansion during water-rock interac-

tion (serpentinization, Section ‘Hydrothermal systems’) or

by tectonic uplift. Hence, non-marine water bodies includ-

ing lakes, pore waters in vesicular volcanic rocks or in

sediments, and groundwater contained in subsurface

aquifers (Fig. 4B) were almost certainly available to host

prebiotic reactions that required salt-free conditions.

Due to the great variety of factors influencing the chemis-

try and hydrology of terrestrial water bodies, it is difficult to

assign them a general role in the origin of life. Cyclical evap-

oration of fluids exposed to the atmosphere could have con-

centrated the water content and perhaps facilitated

dehydration, activation, and polymerization of organic

monomers (e.g. Rode et al., 1999; Section ‘Synthesis of

organic carbon compounds’). Terrestrial hot springs may

have created strong gradients in temperature, metal availabil-

ity, and other chemical parameters (Mulkidjanian et al.,

2012). Atmospheric reaction products in particular would

have been concentrated in these exposed environments on

land where they could have undergone further reactions.

Furthermore, clay minerals produced during weathering of

the crust could have provided sites for adsorption and poly-

merization of organic monomers (Meng et al., 2004; Ferris,

2005a). Continental groundwater would have differed from

fluids circulating through oceanic crust (Section ‘Oceanic

crust’) because Hadean proto-continents likely harbored a

greater variety of minerals created by felsic and mafic mag-

matism and metamorphic processes (Fig. 2), thus perhaps

allowing a wider range of mineral-catalyzed prebiotic reac-

tions to occur. The maximum depth of groundwater flow

systems is mostly controlled by the topography of land

masses, but it can also be limited by subsurface brines

(Phillips & Castro, 2004). The interface between such brines

and meteoric groundwater could have established strong

gradients in salinity and pH with possibly important implica-

tions for prebiotic chemistry (Section ‘The benefits of gradi-

ents in prebiotic chemistry’). Similarly, discharge of

groundwater along continental margins would have mixed

any prebiotic reactants and products contained in groundwa-

ter with those contained in coastal and marine waters.

Beaches

The location of beaches (Fig. 4C) at the interface between

land, seawater, and air may have given them a prominent

role in the origin of life, because it would have allowed

them to concentrate and process a huge variety of reactants

transported by rivers, the ocean, and the atmosphere. Fur-

thermore, beaches have four characteristics advantageous

for prebiotic organic synthesis: accumulation of heavy

detrital minerals, evaporation-concentration cycles, a gradi-

ent in water activity, and high porosity.

In the Hadean beach, sand around volcanic islands may

have been rich in mafic minerals such as olivine or pyroxene.

Along the shores of proto-continents, heavy detrital minerals

could have included uraninite and monazite (Rasmussen &

Buick, 1999). Radioactive radiation of detrital uraninite has

been proposed as a source of heat and as a catalyst of organic

reactions through the formation of radicals (Parnell, 2004;

Adam, 2007). It may also have liberated phosphate through

bombardment of detrital monazite (Adam, 2007).

Evaporation-concentration cycles in tidal pools on

beaches would have promoted dehydration reactions leading

to biomolecule polymerization. Furthermore, evaporation

of seawater would have led to the precipitation of evaporite

minerals, especially if the salinity of the ocean was higher

than it is today (Knauth, 2005). Evaporites could have

included halite, carbonate or nahcolite and possibly gypsum

(although prebiotic sulfate was likely rare) (Boulter & Glo-

ver, 1986; Buick & Dunlop, 1990; Lowe & Worrell, 1999;

Sugitani et al., 2003), and they may have offered a unique

set of catalytic surfaces or concentration points within fluid

inclusions. Interestingly, calcite has crystallographic features

that could have led to chiral selection (Hazen et al., 2001;

Hazen & Sholl, 2003). Beaches may also have been a site of

accumulation of evaporitic borate minerals, for which there

is tentative isotopic evidence back to the Archean (Grew

et al., 2011). Borate is known to stabilize ribose, the back-

bone of RNA, but it is not clear whether the tectonic pro-

cesses necessary for accumulation of boron would have been

active early enough to play an important role in prebiotic

chemistry (Benner et al., 2010; Grew et al., 2011).

The high porosity of beaches enables fluid exchange

between the permanently flooded (phreatic) zone and the

overlying (vadose) zone and creates a gradient in moisture,

temperature and light intensity. Fluid exchange along

those gradients by convection (Section ‘Convection in air

and water masses’) and chromatographic separation of

compounds (discussed by Cleaves et al., 2012) could have

promoted a greater variety of prebiotic reaction products.

Sea-ice

Although the young Sun was 25–35% fainter in the early

history of the Solar System (Gough, 1981), a number of

mechanisms have been suggested that could have led to a

globally warm climate (Kasting, 2010). Other models,

however, suggest that early oceans may have been covered

by thin ice, at least locally (reviewed in Zahnle et al.,
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2010), and especially if latitudinal temperature gradients

were stronger (Bada et al., 1994) (Section ‘Atmospheric

transport’). Modern sea-ice commonly incorporates organic

compounds, either sorbed to particles entrained in the ice

matrix, sorbed to the ice itself, or in solution (Pfirman

et al., 1995; Wania et al., 1998). Today, those compounds

include formaldehyde (Douglas et al., 2012), methane,

and various biogenic sulfur species (Thomas & Dieckmann,

2002). In an abiotic Hadean ocean, sea-ice would have

captured volatiles and organics produced on the seafloor or

in the atmosphere and encapsulated them for reaction with

other chemical species (Fig. 4D).

As ice freezes, it partitions into a solid and liquid phase

with salt and other solutes being rejected from the solid

into the liquid phase. The volume fraction of the liquid

phase relative to the solid phase is a function of tempera-

ture and bulk salinity of the ice matrix (Cox & Weeks,

1983; Pringle et al., 2009). Lowering the salinity or tem-

perature will increase the proportion of solid ice crystals

relative to liquid brine - a process called eutectic freezing.

The effect of eutectic freezing on solutes, including organ-

ics, contained within ice brines is to increase their concen-

tration as temperatures decrease. Because of this

concentrating effect and because the low temperature of

sea-ice environments slow down the degradation of reac-

tion products, ice environments have been cited as a

potentially significant site for the production of prebiotic

molecules (Levy et al., 2000; Kanavarioti et al., 2001;

Miyakawa et al., 2002a,b; Price, 2007, 2009; Pierre-Alain

& Hans, 2008) (Supplementary Table S1).

Furthermore, ice provides spatial and temporal gradients

of pH, water activity, and temperature. As these parameters

strongly affect the behavior of organic and inorganic chem-

ical species, the presence of gradients will increase the

number of potential chemical reactions, some of which

could be important for the origin of life. For example, the

precipitation of calcite (CaCO3) at �2.1 °C will result in

the loss of the carbon buffering system in seawater and a

decrease in pH. In a similar manner, salts have an effect on

water activity; salts with low eutectic points interact more

strongly with water molecules and impart a stronger influ-

ence on water activity. It is difficult to model or empirically

derive the precipitation of specific salts as the exact starting

composition of Hadean seawater is unknown. However,

temperature variations over diurnal or seasonal cycles

would have led to changes in brine composition over time,

thus creating a variety of chemical micro-environments

within the ice. Additionally, temperature also controls

horizontal and vertical gradients in pH and water activ-

ity within ice. A vertical gradient is created due to the

difference in temperature between the upper (atmospheric)

and lower (seawater) interfaces. Horizontal temperature

gradients can be established by the presence of low albedo

material such as volcanic ash or cryoconite (windblown

dust) deposited on the surface (Wharton et al., 1985).

Under exposure to sunlight, this detrital material emits in

the infrared, warming the surrounding ice, and in extreme

cases, creating melt ponds. On the contemporary Earth,

cryoconite holes host distinct microbial ecosystems (Christ-

ner et al., 2003); on the prebiotic Earth, they were likely

to have hosted distinct chemical environments.

Sea-surface microlayer

The sea-surface microlayer (SSML, Fig. 4E) describes the

interface between the ocean and the atmosphere and is

operationally defined as the upper 1000 lm of the ocean

(Liss & Duce, 1997). The SSML may have been a crucial

setting for prebiotic synthesis or polymerization reactions

due to an abundance of both organic material and external

energy sources. Attenuation of UV light in the water col-

umn results in a comparatively high abundance of photons

at the SSML, and while often associated with its destruc-

tive potential for biomolecules, a variety of biochemically

useful molecules have been synthesized under UV light,

including deoxyribose, ribose, amino acids, aldehydes, and

uracil (Shigemasa et al., 1977; Folsome et al., 1983; Pes-

tunova et al., 2005; Nuevo et al., 2009), perhaps creating

an oil slick at the sea surface (Lasaga et al., 1971; Nilson,

2002).The SSML is rich in organic and inorganic materials

collected from both the atmosphere and ocean, held in

place by buoyancy, electrostatic attraction, physical or

chemical adsorption, and surface tension (Hunter & Liss,

1977; Sieburth, 1983; Liss & Duce, 1997). Material from

the water column is transported to the sea surface via a

number of processes including diffusion, turbulent mixing,

bubble and particle transport, and large-scale circulation

driven by wind (Langmuir circulation), tidal forces, and

internal waves (Frew, 1997).

In addition to dissolved molecules, suspended particu-

lates composed of volcanic ash or pumice could have

accumulated in slick zones within the SSML (Section

‘Ocean circulation’) (cf. Brasier et al., 2011). Volcanic ash

alters to zeolite, which has hydrophobic surfaces that

provide protected sorption sites for the polymerization of

water-insoluble organic monomers. Pumice and volcanic

ash can release phosphorus (Timperley, 1983; Frogner

et al., 2001), one of the cardinal elements required for life.

Furthermore, the high porosity of pumice allows it to

entrain and concentrate organic material, and because it

floats, pumice is conducive to distribution by ocean

currents. Annual contemporary production of pumice is

estimated at billions of cubic meters of drift pumice (Jokiel

& Cox, 2003) from a variety of locales (Timperley, 1983;

Timperley & Vigor-Brown, 1985; Felitsyn & Kirianov,

2002; Jokiel & Cox, 2003).

Products and reactants from the SSML would thus have

been connected on timescales of seconds to days with the
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deep ocean via particle settling and with the atmosphere

via ejection of bubbles and aerosols (Wallace & Duce,

1978).

Marine sediments

Organic and inorganic material produced at the surface of

the ocean, on land, or in the atmosphere eventually sinks

down to the ocean floor. On the modern Earth, clay min-

erals with a high affinity for adsorption are responsible for

80% of organic net export from the surface ocean to the

deep ocean (Kennedy et al., 2002). On the prebiotic

Earth, this mechanism probably provided an efficient shut-

tle of monomers and polymers to deep marine sediments

(Fig. 4F). Modern marine pelagic sediments are largely

dominated by biogenic minerals such as carbonates and

silica (Li & Schoonmaker, 2003). In the absence of bio-

genic material and due to more volcanic activity in the

Hadean, prebiotic marine sediments would have contained

a larger proportion of metal-rich phases, mafic minerals,

volcanic ash, pumice and their alteration products, in par-

ticular zeolites and smectite clays. A common constituent

of parts of the Archean marine sedimentary rock record is

banded iron formations (BIFs) composed of iron oxides

and silica (chert) (Nutman et al., 1997). Although biolog-

ical formation processes for BIFs are thought to be more

plausible (Konhauser et al., 2007), abiotic oxidation of

ferrous iron by photolysis (Cairns-Smith, 1978; Braterman

et al., 1983; Franc�ois, 1986) could have occurred on a

smaller scale prior to life’s origin. Iron oxides can act as

catalysts for the formation of nucleobases (Shanker et al.,

2011).

Burial and diagenesis of sediment packages would have

led to progressively increasing temperatures, as well as

changes in pore fluid salinity and pH. This process may

have created a great variety of prebiotic reactors enclosed

in pore spaces with different physicochemical characteris-

tics. However, fluid exchange across sediment packages

would have been slow during quiescent periods, as clays

and abiotically precipitated silica likely formed impermeable

layers (Hofmann & Bolhar, 2007). Nonetheless, flow paths

could have been created during catastrophic events (Sec-

tion ‘Catastrophic events’) or mud volcanism (Mazzini,

2009) associated with methane gas production by serpenti-

nization in the underlying oceanic crust (Section ‘Hydro-

thermal systems’). Evidence for such activity in the

Archean was recently discovered at Isua, Greenland (Pons

et al., 2011). Like terrestrial beach sediments, marine sedi-

ments may have concentrated organic compounds from a

variety of environments, but the fluid residence time in

marine sediment packages was likely much greater. Hence,

kinetically inhibited reactions that can proceed in the

absence of light and in saltwater may have occurred in this

setting.

Hydrothermal systems

Marine hydrothermal systems (Fig. 4G), generally found at

mid-ocean ridges and along ridge flanks, occur where sea-

water interacts with crustal rock, creating strong gradients

in temperature and chemical composition, while the altered

crust becomes enriched in chemical precipitates and meta-

morphic minerals. The temperature of the early Earth’s

mantle was higher than it is today (Turcotte, 1980; Rich-

ter, 1988), and that extra heat was probably dissipated by

longer mid-ocean ridges, or faster spreading, or a combina-

tion of both (e.g. Hargraves, 1986). Thus, hydrothermally

active sites almost certainly existed in the Hadean ocean

and may have been a more common feature than they are

today.

Today, known hydrothermal vent systems can be

broadly classified into magma-driven, basalt-hosted systems

and serpentinization-driven, peridotite-hosted systems.

Some fields, such as Rainbow hydrothermal field on the

Mid-Atlantic Ridge, which is magma-driven but perido-

tite-hosted, display characteristics of both (see below).

Found at spreading centers or at seamounts where water

is heated by rising magma, contemporary magma-driven

systems have fluids reaching temperatures up to 400 °C
and acidities as low as pH 2. They are enriched in transi-

tion metals, sulfide, CO2, methane, and hydrogen, but

depleted in magnesium relative to seawater (von Damm,

1990). In the Hadean, magma-driven hydrothermal sys-

tems may have contained more Fe2+ and H2 than today

due to the lack of oxidizing sulfate in anoxic seawater

(Kump & Seyfried, 2005). When hydrothermal fluid rises

buoyantly through porous oceanic crust and mixes with

cold alkaline seawater, minerals precipitate to form chim-

ney structures. Pyrite (FeS2), a principal component of

these vent structures, has been suggested as a catalyst for

the production of several organic precursors for the origin

of life because it can facilitate the fixation of CO or CO2

to form simple organic molecules (W€achterh€auser, 1988a,

b, 1990; Cody, 2004).

In the absence of oxidative weathering on land, magma-

driven hydrothermal vent systems were likely the major

source of transition metals to the Hadean ocean. Transi-

tion metals, many of which are important components of

enzymes (e.g. Schoepp-Cothenet et al., 2012b), are easily

scavenged by dissolved sulfide (Zerkle et al., 2005);

however, their solubility can be enhanced if they become

complexed with organic molecules. On the modern Earth,

organically complexed Fe and Cu derived from hydrother-

mal vents account for 9% and 14% of the deep-ocean

reservoir of total Fe and Cu, respectively (Sander &

Koschinsky, 2011). Hence, dissolved metals liberated in

magma-driven hydrothermal vents in the Hadean could

have been distributed around the globe as organic

complexes.
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In serpentinization-driven hydrothermal systems, in con-

trast – a geochemical reaction between seawater and olivine

leading to the formation of magnetite and serpentine

(serpentinization) can alter fluid chemistry and provide

heat for circulation even in the absence of magmatic

heating. Serpentinization-driven hydrothermal systems are

exemplified by the Lost City hydrothermal field (Kelley

et al., 2001, 2005). Hydrothermal fluids venting from

Lost City chimneys do not exceed ~90 °C and can reach a

pH of 11, resulting in the precipitation of carbonate

minerals.

Most significantly for the origin of life, serpentinization-

associated Fischer-Tropsch type reactions also generate

organic compounds (Holm & Charlou, 2001; McCollom

& Seewald, 2007), including high levels of formate, (Lang

et al., 2010), methane (Proskurowski et al., 2008), hydro-

gen cyanide (Holm & Neubeck, 2009), and organic sulfur

compounds (Heinen & Lauwers, 1996). Larger hydrocar-

bons containing at least four carbon atoms have been

detected as well (Proskurowski et al., 2008). If organic

matter from other sources (Table 1) were introduced and

concentrated in a serpentinizing environment, the highly

reducing conditions could promote synthesis of longer car-

bon chains. In addition to organic carbon, hydrothermal

vents may also have provided a source of fixed nitrogen

(Brandes et al., 2008; Holm & Neubeck, 2009) and phos-

phorus (Yamagata et al., 1991) for the origin of life. Hen-

net et al. (1992) showed that amino acids are produced in

laboratory conditions meant to simulate hydrothermally

altered submarine crust, producing a similar variety to

those produced in Miller’s electric spark experiments, but

in significantly greater quantities (Hennet et al., 1992).

Perhaps more so than the presence of essential elements

or polymerization, the greatest contribution of both

magma-driven and serpentinization-driven hydrothermal

systems to the origin of life may have been the formation

of geological, physical, and chemical gradients as a result

of the dynamic mixing and mineral formation associated

with hydrothermal systems (Baross & Hoffman, 1985).

Mixing of hydrothermal fluids with seawater both above

and below the seafloor creates gradients in temperature,

pH, chemical composition, and redox state which may

have allowed many important prebiotic reactions to occur

in tandem (Koonin & Martin, 2005; Martin & Russell,

2007; Martin et al., 2008; Lane et al., 2010) before

interacting and integrating into a larger reaction network.

Moreover, phase separation into brine and vapor phases

could contribute to the number of microenvironments

in which reactions can occur and perhaps allow prebi-

otic dehydration reactions to proceed within the brine

phase.

It has been suggested that in the early Archean, hydro-

thermal fluids were overall more alkaline than today

(Shibuya et al., 2010). However, both hydrothermal sul-

fides (Vearncombe et al., 1995; Huston et al., 2002) and

serpentinites (Blais & Auvray, 1990) have been detected in

the Archean rock record, so both magma-driven and ser-

pentinization-driven systems probably co-occurred during

the Hadean. As mentioned above, the modern Rainbow

hydrothermal field on the Mid-Atlantic Ridge has magmat-

ically heated, acidic hydrothermal fluids that circulate

through ultramafic rocks and are enriched in both H2 and

various metals (Charlou et al., 2002; Douville et al.,

2002). These mixing systems may have been ideal for

prebiotic chemistry (Russell et al., 2010).

Oceanic crust

Fluid circulation through oceanic crust is most vigorous

near hydrothermal systems at mid-ocean ridge axes where

the fluid residence time ranges from days to years (Johnson

& Prius, 2010). Although the volume of fluid flux dissi-

pates with distance from the ridge axis, fluids continue to

be exchanged in the upper crust for many millions of years,

even where typical hydrothermal vent features have long

disappeared, which creates a separate unique environment

for prebiotic chemical reactions (Fig. 4H). Overall, it has

been estimated that at least 60% of the oceanic crust is

hydrologically active (Schrenk et al., 2010). Recharge

seems to occur at point sources such as unsedimented sea-

mounts, and flow velocities are on the order of tens to

hundreds of meters per year (Fisher & Becker, 2000; Spi-

nelli & Fisher, 2004; Bekins et al., 2007; Hutnak &

Fisher, 2007; Hutnak et al., 2008). Seamounts are abun-

dant features on the modern Earth and may have been

more prevalent in the Hadean. It therefore seems likely

that this hydrological dynamism was an important feature

of the ocean crust. While the Precambrian ocean was prob-

ably saturated with silica (Siever, 1992; Hofmann, 2011)

and possibly carbonate, which may have lowered the

porosity of the crust by precipitation, stronger tidal inter-

action and more vigorous tectonism could have opened up

fractures and thus sustained permeability. Today, the

subsurface fluid flow connects mid-plate regions over a

distance of many kilometers. On a more hydrothermally

active Hadean planet, these flow paths could have allowed

fluids from very different chemical and mineralogical

regimes to mix and exchange reactants and products of

prebiotic reactions.

Intra-crustal fluids are characterized by long residence

times in contact with crustal minerals and by moderately

warm temperatures, which today range from 10 to 30 °C at

the bottom of the marine sediment layer to 20–40 °C at

the bottom of the crustal high-porosity zone (Johnson &

Pruis, 2003). Hence, these fluids are much warmer than

the modern deep ocean (~2 °C), allow more time for min-

eral-catalyzed reactions than vent systems, and are well pro-

tected from radiation compared to surface environments.
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The minerals of the greatest interest for the origin of life

in the ocean crust may have been the alteration products

of mafic minerals and basaltic glass, particularly clays and

zeolites. Fluid flux through the crust occurs preferentially

through connected channels, such as around breccia zones

and pillow and flow boundaries (Fisher & Becker, 2000),

so these regions would have been exposed to the greatest

alteration. Experiments with basalt alteration reactions

under elevated CO2 concentrations, as might be expected

in the Hadean, produced Ca-Mg-Fe carbonates,

Fe-hydroxides, and Ca-Mg-Fe clays (Gysi & Stefansson,

2012), which could have participated in prebiotic synthesis

or polymerization reactions. Moreover, the region for

potential catalysis and polymerization in the deep subsur-

face is extensive, as evidenced by the presence of crypto-

endolythic microbial communities supported by

serpentinization by-products at depth (Hazen et al., 2012;

Menez et al., 2012). Thus, the potential reaction space for

prebiotic chemistry within the ocean crust is vast, hydro-

logically dynamic, and interconnected globally.

Where did life originate?

Table 2 compares the different settings based on their

ability to fulfill the requirements for life (Section ‘Prereq-

uisites for the origin of life’). Although some settings

appear to have similar characteristics, they may differ

markedly in their mineralogy and hydrology, and they

have the potential to produce unique sets of organic com-

pounds. Consequently, Table 2 does not show which

single setting was best for the origin of life. On the

contrary, it highlights that multiple settings were probably

needed to satisfy all of the requirements. It is therefore

unreasonable to favor a single setting for all steps in the

origin of life.

A more parsimonious scenario is that the Hadean

Earth hosted a diverse array of settings, each of which

provided specific constraints for different chemical reac-

tions (Fig. 1). Only physical interaction and exchange of

reactants and products among this variety of settings

would have provided all the necessary ingredients for

life.

The importance of mixing processes, however, does not

imply that all of the important prebiotic reactions occurred

in an ‘organic soup’, in which the biochemically productive

reactions comprised only a tiny subset of all the reactions

occurring. In contrast, we argue that the diversity of set-

tings in the Hadean would have allowed different reactions

to occur in different settings, and each setting would have

provided constrained parameters to nurture sparse reaction

networks that could conceivably generate specific modules

of modern biochemistry (Morowitz & Smith, 2007; Trefil

et al., 2009). Thus, life was not a highly improbable out-

come of a single experiment in an organic soup, but

instead a gradual emergence from successful interactions

among globally distributed, simultaneously forming reac-

tion products.

GLOBAL TRANSPORT AND
CONCENTRATION PROCESSES ON THE
HADEAN EARTH

If the origin of life was a global phenomenon that involved

multiple environmental settings, then transport processes

would have been critical for the exchange of prebiotic

reactants and products. Here, we consider major mixing

mechanisms on the Hadean Earth that may have served

to connect crustal, sedimentary, marine, terrestrial, and

atmospheric sites where relevant prebiotic reactions could

have occurred (Fig. 5).

Table 2 Summary of chemical and physical properties of distinct environmental settings. Intensity of parameters is rated from near absent (�) to very high

(+++)

Environment

Parameter

Concentration Energy and gradients

Fluid residence

time

Organic

synthesis Encapsulation Dehydration Light energy pH gradient

Temperature

gradient

Catalytic

minerals

Atmospheric gases and

particulates

+++ ++ + +++ � � � Days to weeks

Exposed lakes + � + ++ � � ++ Months to years

Continental Groundwater + ++ � � ++ + ++ Years to Ma

Beach settings ++ +++ +++ ++ � + ++ Hours to days

Sea-ice + +++ ++ ++ + + + Months

Sea-surface microlayer + � � +++ � � + Seconds

Hydrothermal vents +++ ++ ++ � +++ +++ +++ Days to weeks

Upper oceanic crust + + � � + ++ ++ Years to ka

Marine sediments � + � � � + +++ Years to Ma
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Local and global mixing processes

Atmospheric transport

The combination of incoming solar radiation coupled with

planetary rotation governs atmospheric circulation. This

results in atmospheric longitudinal bands (the Hadley,

Ferrel, and polar cells) that dictate the transport of air

masses and heat. Today, an air mass can circulate around

the globe in 2 weeks (Jacob, 1999). Regional differences

in air pressure further mix the atmosphere by causing

winds and turbulence.

In the Hadean, the rotation period of the planet was

most likely faster than it is today (Wahr, 1988; Williams,

2000). Extrapolating from Mid-Precambrian geological

evidence (Williams, 2000) to about 4 Ga yields a Hadean

rotation period of approximately 14 h. Williams & Hollo-

way (1982) predict that a doubling of today’s rotation

rate reduces the latitudinal extent of the Hadley cell from

30o to approximately 18o, while at the same time

increases the number of longitudinal bands from three to

four. Longitudinal winds would probably become more

vigorous. Hence, if the Hadean Earth was rotating at

nearly twice the modern rate, then the products of Miller-

Urey-type reactions (Section ‘The atmosphere’) and liquid

or particulate aerosols would have been efficiently trans-

ported around the planet in a direction parallel to the

equator. A faster rotation would also have led to a stron-

ger Coriolis effect and thus limited the transport of air

masses and material across lines of latitude. An additional

consequence might have been a steeper latitudinal temper-

ature gradient in the Hadean (Williams & Holloway,

1982), which may have led to a greater variety of environ-

mental settings.

Ocean circulation

Atmospheric circulation cells coupled with landmass distri-

bution are the dominant factor in surface ocean circulation.

Wind, directionally controlled by the parameters of Hadley

cell formation, imparts a stress on the sea surface. Coriolis

forces and friction shift the direction of transport away

from this stress. The speed of water transport at the sea

surface is inversely proportional to the Coriolis force, and

therefore to Earth’s angular momentum (Ekman, 1905).

On the contemporary Earth, this mechanism concentrates

material floating on the sea surface within subtropical gy-

res, which have become infamous as ‘garbage patches’

(Moore et al., 2001). With a stronger Coriolis force (Sec-

tion ‘Atmospheric transport’), this effect would probably

have been even more pronounced in the Hadean ocean,

thus allowing ice, pumice, organics within the SSML, and

other debris floating in the Hadean surface ocean to

become concentrated in small eddies. Large ocean gyres,

however, were probably weaker, resulting in reduced latitu-

dinal transport of water masses (Hunt, 1979).

The volume of continental mass present in the Hadean

is still subject to debate (see Section ‘Water bodies on

land’), and these intervening landmasses would have had a

strong influence on the nature of ocean circulation. Pope

et al. (2012) recently estimated ocean volume in the early

Archean to be up to 26% more voluminous than modern

oceans. This may have effectively reduced the amount of

terrestrial landmass available. If, however, continental crust

was less extensive, a more voluminous ocean may not nec-

essarily have been deeper. It is therefore likely that volcanic

islands were common and led to the formation of eddies

and regional water mixing. Small eddies are so efficient at

Fig. 5 Overview of mixing processes that may have linked different sites on the Hadean Earth and facilitated reactions between a greater variety of com-

pounds.
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transport that the water parcels they contain maintain an

identifiable heat signature weeks after formation, and

marine organisms can be transported hundreds of kilome-

ters (Olson & Backus, 1985). Furthermore, Adams et al.

(2011) demonstrated that deep-reaching eddies can entrain

material from deep-sea hydrothermal vents and transport it

over several kilometers. Combined with stronger tidal

pumping resulting from a much closer Moon, ocean

currents may thus have efficiently transported materials

along regional environmental gradients.

River runoff

Fluvial networks in the Hadean would have played the same

central role as modern rivers in eroding and transporting

continental material to the ocean. Rivers are also a medium

for aqueous chemistry between material transported along

the river bed and atmospheric constituents, brought into

contact through turbulent mixing. The oxidation of soluble

ferrous iron into insoluble ferric iron by entrained atmo-

spheric oxygen is a modern example. However, a critical

difference in the Hadean was the lack of vegetation, which

likely led to fundamentally different river forms and dynam-

ics compared with modern vegetated analogs. Most impor-

tantly, vegetation perturbs near-bank flow and binds

sediments, which increases bank stability. Hence, it limits

shear-stress and thus erosion of the bank walls (Miller,

2000). Field observations (Mackin, 1956), theoretical argu-

ments (Miller, 2000), and flume experiments (Gran & Pa-

ola, 2001) consistently show that unvegetated channels are

typically braided (exhibiting multiple channels that are sepa-

rated by erodible bars), and the individual channels migrate

laterally at higher rates. This leads to a higher width-to-

depth ratio in unvegetated river systems. It can therefore be

assumed that Hadean terrain was scoured by rivers more

frequently compared with modern floodplains. Atmospheric

reaction products deposited on Hadean land surfaces thus

had a higher probability of being transported to the ocean.

Convection in air and water masses

Convection caused by thermal or compositional gradients

between fluids can contribute to mixing on a local or

regional scale. Gradients are ubiquitous within and

between many environmental settings on Earth, and buoy-

ancy-driven convection results as long as the time-scales of

gradient dissipation by diffusion are comparatively longer.

In prebiotic chemistry, convective transport may have

played an important role because the cyclical nature of con-

vection implies that compounds contained in convecting

fluids are repeatedly exposed to various physicochemical

conditions. This could have led to chemical selection and

maturation of specific reaction products. Furthermore,

small, closed convection cells within thin films of fluid may

have encapsulated organic compounds that were dissolved

in fluids or adsorbed to suspended solids. This concentrat-

ing mechanism may have been able to speed up the rate of

chemical reactions.

The Hadean Earth probably had a variety of environ-

ments where convection occurred. For example, where

tides transport seawater inland, the seawater will quickly

sink into fresh-water saturated sediments. Convection dri-

ven by the density gradient between salt water and fresh

water makes this mixing process more efficient than diffu-

sion alone. Dissolved constituents can thus be exchanged

rapidly between sediment packages protected from radia-

tion and exposed tide pools (Smetacek et al., 1976). Envi-

ronments with thermal gradients could have produced

Rayleigh-B�enard convection cells (convection caused by

temperature-dependent density gradients). Examples of

such environments include the geothermal gradient in per-

meable oceanic crust and sediments, the interface between

hydrothermal fluids and seawater, or diurnally heated air

masses. Temperature may also facilitate convection in fluids

by changing surface tension (B�enard-Marangoni convec-

tion).

Convection at the microscale can have a concentrating

impact as well. Baaske et al. (2007) simulated molecular

transport of nucleotides in elongated hydrothermal pores

and found that thermal convection along the pore com-

bined with thermodiffusion across the pore resulted in

accumulation of nucleotides. Budin et al. (2009) experi-

mentally tested this concept with microcapillary diffusion

columns and experimentally verified accumulation of nucle-

otides, oligonucleotides, as well as fatty acids. Moreover,

they observed that accumulation of fatty acids resulted in

self-assembly of large vesicles containing encapsulated

DNA, a potentially crucial first step in the origin of life.

Catastrophic events

Large-scale mixing of fluids and minerals likely occurred

during catastrophic events such as asteroid and comet

impacts, volcanic eruptions, or earthquakes, all of which

may have resulted in slope failure (turbidites), tsunamis,

and crustal deformation.

The Earth was subject to heavy meteorite bombardment

in the late Hadean up to 3.8 Ga (Kring & Cohen, 2002).

Large impacts may have sterilized the planet (Sleep et al.,

1989) or restricted habitable environments to the deep

subsurface (Abramov & Mojzsis, 2009). However, it is not

certain whether life originated before, during, or after the

time of potentially sterilizing impacts, or whether steriliz-

ing impacts ever even occurred on Earth (Ryder, 2003).

Smaller, non-sterilizing impacts would have likely enhanced

the exchange of material between sites by triggering

ocean-wide tsunamis, crustal faulting, and exposure of

subsurface settings (Grieve, 1987; Pickering et al., 1991;

Dypvik & Jansa, 2003; Glikson, 2004).

Volcanic eruptions were probably more common on the

Hadean Earth due to higher geothermal heat flux (Martin
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et al., 2007). Subaerial explosive eruptions deliver ash par-

ticles and gases into the upper atmosphere, from where

they are distributed around the globe (Section ‘Atmo-

spheric transport’). After rainout, fine ash particles and

vesicular material such as pumice can remain suspended in

the ocean water column for long periods of time (Section

Particles as stabilizing agents for transport). Hadean volca-

noes therefore provided large amounts of material with cat-

alytic surfaces to various environmental settings.

With frequently erupting volcanoes (Martin et al., 2007)

and with more tectonic activity (Hargraves, 1986), sub-

marine seismic events were perhaps also more common in

the Hadean than today. It has been hypothesized that

seismicity could have supplied an entire subsurface ecosys-

tem on the early Earth with enough nutrients for millions

or billions of years (Sleep & Zoback, 2007). Moreover,

micro-earthquakes, caused by tidal interaction between the

Earth and the Moon (Tolstoy et al., 2002), were probably

stronger when the Moon was significantly closer than it is

today (Williams, 2000). Hence, eruptions, seismicity, and

tides together would have caused frequent crustal fractur-

ing and faulting, opening up new flow paths for fluid

circulation into the subsurface. Even today lunar effects on

hydrothermal flow patterns are measurable (Aliani et al.,

2004), and on a more volcanically and hydrothermally

active early Earth, the Moon could have acted as an impor-

tant pump for reagents and products traveling through

crust and sediment packages.

Particles as stabilizing agents for transport

Some of the previously described settings naturally occurred

in close spatial proximity such that degradation and dilution

of reactants and products during transport from one setting

to another would not have been significant. Other far apart

settings interacted as a result of large-scale mixing processes

as described above. In the anoxic Hadean ocean, oxidative

degradation of organics during transport, the primary cause

of organic destabilization today (Keil et al., 2004), would

have been negligible. Nevertheless, reactants and products

were probably transported more efficiently and altered min-

imally between sites if they were either encapsulated in

membranes, contained within porous particles, or adsorbed

onto mineral surfaces. Many minerals such as smectite clays,

feldspars, and iron oxides have been shown to stabilize

numerous organic molecules, including organic acids, sug-

ars, proteins, and lipids, by adsorption (Sansone et al.,

1987; Ding & Henrichs, 2002; Keil et al., 2004). In the

modern ocean, these minerals are present on scales of milli-

grams per kg of seawater, and transported in enormous

quantities, in the range of tens of megatons per yr (Mac-

kenzie et al., 1979; Summons, 1993; Li, 2000; Syvitski

et al., 2003). The surface area of erodible land masses in

the Hadean is uncertain, but even if the flux of land-derived

mineral grains to the ocean was smaller, it was perhaps

compensated by larger quantities of volcanic ejecta. Sulfide

particles produced by submarine hydrothermal processes

(Trocine & Trefry, 1988) would also have been more stable

in the anoxic Hadean ocean. Suspended particles that even-

tually settle on the seafloor or that become re-suspended

during strong tidal or catastrophic events (Section ‘Cata-

strophic events’) would thus have created a vertical shuttle

of adsorbed material between the atmosphere, land masses,

the sea surface, and the deep ocean. Lateral transport may

also have been important in connecting different environ-

ments. In the modern ocean, fine-grained particles can be

transported laterally for hundreds of kilometers by ocean

currents (Mollenhauer et al., 2006).

Overall, the particulate load suspended in the atmo-

sphere and ocean, in combination with mixing and trans-

port processes, could have served as important vectors for

transport of prebiotic organic molecules and mineral

catalysts between environmental settings.

The benefits of gradients in prebiotic chemistry

As discussed above, chemical and physical gradients likely

stimulated fluid convection and exchange of material with

important implications for prebiotic chemistry. However,

gradients in temperature, pH, redox potential, light inten-

sity, salinity, pressure, density, and chemical composition

could also have played a more direct role in the production

of complex biomolecules. The interaction of substrates

and/or fluids far from equilibrium with each other is

necessary to provide energy for organic synthesis (Shock &

Schulte, 1998). Furthermore, the energy that is made

available during convective mixing can be exploited by a

greater diversity of reactions, including reaction networks,

if gradients in multiple parameters are present. One excel-

lent example of this multiplicity of gradients is found in

mid-ocean ridge flanks (Section ‘Hydrothermal systems’),

where hydrothermal fluids mix with ambient seawater to

create gradients of temperature, pH, redox potential, and

concentrations of many inorganic and organic species

(Baross & Hoffman, 1985; Shock & Schulte, 1998). Other

examples include beaches, where meteoric fresh water

mixes with seawater and where water activity decreases

from the bottom toward the top of a sediment layer

(Section ‘Beaches’); or sea-ice, where seawater undergoes

changes in salinity, pH, and temperature during eutectic

freezing (Section ‘Sea-ice’). In all cases, physical and

chemical gradients can progressively impact the thermody-

namics of synthesis reactions and increase the number of

possible reactants and products.

Redox gradients, which are exploited for metabolism in

modern organisms, were likely particularly important in

establishing proto-metabolism (Section ‘Energy’). It seems

plausible that living cells adopted this strategy from natural
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gradients that were harnessed by prebiotic chemistry (cf.

Martin & Russell (2007)).

Pressure gradients are an understudied subject in prebi-

otic chemistry. Models suggest that at high pressure, such

as in the deep ocean or within the ocean crust, the polarity

of H2O molecules decreases, which lowers the stability of

ionic species in solution but increases the solubility of apo-

lar organic molecules or gases (Shock, 1992; Bassez,

2003). High-pressure environments may therefore be con-

ducive to otherwise thermodynamically unfeasible reac-

tions.

Gradients could also have played an important role in

mineral catalysis. The charge of both mineral surfaces and

organic monomers changes as a function of pH (Stumm &

Morgan, 1996; Williams & Frasca, 2001; Munsch et al.,

2001): low pH leads to more positive overall charge, but

the pH creating a zero charge is specific to each organic

compound and to each crystallographic face of a mineral.

Consequently, mineral grains that are exposed to variable

pH conditions, such as during convective or advective

transport, could potentially adsorb and desorb different

amino acids (Churchill et al., 2004) or nucleotides (Ferris,

2005b) over time. This process could in turn have diversi-

fied organic polymers in prebiotic chemistry.

Once complex organic polymers had formed, transport

along gradients could have affected their secondary and

tertiary fold structure, allowing them to undergo a greater

set of further reactions. For example, RNA in modern

organisms requires specific concentrations of Mg or Ca

ions in order to obtain a three-dimensional structure that

makes it biochemically useful (e.g. Dann et al., 2007). In

particular, Mg has been shown to stabilize phosphate

groups of nucleotides (Holm, 2012). If ionic concentra-

tions change, the organic polymer rearranges into a differ-

ent configuration. Some proteins change their fold

structure with temperature and pressure (Heremans &

Smeller, 1998; Serganov & Patel, 2007). Hence, convec-

tive transport of organic polymers within or between dif-

ferent environments on the Hadean Earth would have

caused those changes to occur repeatedly.

MERGING BIOINFORMATICS WITH
GEOCHEMISTRY

Embracing the immense diversity of niches and microenvi-

ronments is clearly important for a bottom-up approach

to the origin of life. However, certain key processes are

likely to have selectively produced some of the most

important elements for the origin of life. One means by

which we can identify those important processes is

through a top-down perspective: those geochemical pro-

cesses that have left an imprint in modern biochemistry

must clearly have played a prominent role in prebiotic

reaction networks.

Traditional top-down approaches to the origin of life

often begin with the phylogenetic tree of all extant organ-

isms. Universal phylogenetic analyses of conserved genes

demonstrate that all known organisms evolved from a sin-

gle ancestor or genetically continuous community (Cairns-

Smith, 2003; Theobald, 2010) resulting in the ‘unity of

biochemistry’ of all extant organisms (Kluyver & Donker,

1959). By identifying the root of the phylogenetic tree,

such studies also suggest that this Last Universal Common

Ancestor (LUCA) lived in a hot environment (Schwartz-

mann & Lineweaver, 2004; Gaucher et al., 2008) and had

an autotrophic metabolism (Pace, 1997; Berg et al.,

2010). LUCA is now understood to have been a complex

‘organism’ with a sophisticated genetic system (Harris

et al., 2003; Goldman et al., 2010), perhaps composed of

an RNA genome (Glansdorff et al., 2008), and metabolism

(Caetano-Anolles et al., 2007; Srinivasan & Morowitz,

2009). However, any extrapolation from these features of

LUCA to a geochemical environment will only reflect the

final stages in the origin of life, because the prebiotic world

and modern world are separated by extensive geological

and biological evolution. As such, no direct evidence link-

ing modern life to any single prebiotic chemistry regime or

origin of life setting currently exists. The development of

LUCA probably took place well after the origin of life, and

thus under completely different circumstances. Some have

suggested that LUCA or the bacterial and archaeal last

common ancestors were survivors of hot conditions, such

as an impact event (Gogarten-Boekels et al., 1995; Nisbet

& Sleep, 2001). Therefore, traditional genome phylogeny

can only give us limited information about the origin of

life itself.

Nonetheless, prebiotic chemistry is thought to have left a

distinct imprint on molecular biology, particularly in the

form of metalloenzymes. Metalloenzymes are proteins that

bind metal or metal compounds and coordinate the metal’s

regular catalysis (Karlin, 1993). The metal ion cofactors are

known to greatly enhance enzyme catalytic potential and

protein stability (Cvetkovic et al., 2010). Of all character-

ized modern proteins, about a third require a metal cofac-

tor for function (Rosenzweig, 2002). However, the

evidence indicates that almost 50% of metalloproteins in Py-

rococcus furiosus are uncharacterized and include metals not

observed in characterized proteins from P. furiosus

(Cvetkovic et al., 2010). The importance of metal cofactors

in modern biochemistry may thus be even greater than pre-

viously thought. A survey of metal usage in modern

enzymes is summarized in Table 3. These enzymes are

grouped in road categories as designated by the Enzyme

Commission. Oxidoreductases catalyze the transfer of

hydrogen or oxygen atoms or electrons from one substance

to another; transferases transfer functional groups from one

substance to another; hydrolases cleave chemical bonds

through the formation of water; lyases add or remove func-
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tional groups without hydrolysis; isomerases bring about

intramolecular rearrangement; and ligases use ATP to bring

together new molecules. Interestingly, oxidoreductases,

which catalyze key energy-generating reactions, exhibit the

broadest range of metal cofactors. Although it is possible

that some of these cofactors were later evolutionary innova-

tions, perhaps triggered by the onset of oxidative weather-

ing in the late Archean (e.g. Boyd et al., 2011), the ability

of metals to catalyze biochemically useful reactions suggests

that they may also have played a prominent role in prebiotic

chemistry (cf. Section ‘Catalysis’, Fig. 3). A model for the

origin of life will therefore be more convincing if it includes

geological processes that constantly replenish the supply of

transition metals.

The results of protein evolution studies indicate that

iron-, manganese-, cobalt-, nickel-, molybdenum-, and

tungsten-containing proteins are ancient and probably

existed at the time of LUCA (Dupont et al., 2010; Scho-

epp-Cothenet et al., 2012a,b). Members of the ‘Complex-

Iron-Sulfur-Molybdoenzyme’ (CISM) family have received

particular attention as they appear to have been involved in

the harvest of energy at the earliest stages of life (Schoepp-

Cothenet et al., 2012b). Tungsten can substitute for

molybdenum in CISM (Schoepp-Cothenet et al., 2012b)

and is more soluble under reducing conditions (Schoepp-

Cothenet et al., 2012a). But because tungsten is much rarer

than molybdenum in the Earth’s crust and mantle, the

importance of CISM-like catalysts in prebiotic chemistry

may indicate that at least some components of early metab-

olism evolved in geological settings that were particularly

enriched in metals above crustal background, such as acidic

hydrothermal systems (Section ‘Hydrothermal systems’).

It is thought that the earliest enzymes mimicked slow

abiotic reactions that were already taking place (Lazcano &

Miller, 1999). An example from laboratory experiments is

the demonstration that Fe/Ni sulfides can catalyze the

reduction of CO2 to acetyl thioesters (Huber &

W€achtersh€auser, 1997). Thus, some metalloenzymes and

their catalytic mechanisms may have originated during the

transition from prebiotic chemistry to genetically directed

metabolism (van der Gulik et al., 2009; Schoepp-Cothenet

et al., 2012a). As the primitive genetic system took meta-

bolic control of its chemical context, prebiotic reactions

catalyzed by metal ions or mineral surfaces may have been

replaced by their enzymatic counterparts. However, the

potential catalytic reactions of most transition metal miner-

als are unknown, particularly their reactions under different

pH, temperature, and pressure conditions (Section ‘Future

research directions’). More information of this kind, in par-

ticular about the types of organic metal complexes that

could have formed under prebiotic conditions (cf. Sander

& Koschinsky, 2011), about the distribution of particulate

mineral grains at the Earth’s surface, and about the metal

requirements of the most ancient enzyme sub-categories

may thus further elucidate the relative importance of differ-

ent environmental settings for certain steps in the origin of

life.

If transition-metal minerals catalyzed the important reac-

tion steps that eventually resulted in metabolic pathways,

then an unavoidable conclusion is that some of the earliest

steps leading to life occurred on metallic mineral surfaces.

If it can be demonstrated that other minerals such as clays

were essential for the formation of certain ligands or for

polymerization of monomers, then this may be evidence

for a physical linkage between different geological settings

(e.g. metal-rich hydrothermal settings or meteorite debris

linked with marine or lacustrine sediments) during the ori-

gin of life.

FUTURE RESEARCH DIRECTIONS

One appeal of a single setting for the origin of life is the

possibility to artificially recreate most relevant prebiotic

processes in the laboratory. If, however, the origin of life

were indeed a global or at least regional phenomenon, it

will clearly make experimental research under plausible

environmental conditions more challenging. Nevertheless,

progress toward testing the hypothesis of a global chemical

Table 3 Metal cofactor usage, indicated by ‘x’ if present, in the six major categories of enzymes as defined by the Enzyme Commission (Webb, 1992). Metal

usage is surveyed from the Kyoto Encyclopedia of Enzyme Genes and Genomes database (Kanehisa et al., 2006)

Cd Ca Co Cu Fe Fe-S Mn Mg Mo Ni K Se W Zn

Oxidoreductases

A� + B ? A + B�
x x x x x x x x x x x x x

Transferases

A-X + B ? A + B-X

x x x x x x x x x

Hydrolases

A-X + H2O ? A-OH + B-H

x x x x x x x x x x x

Lyases

A-B - X ? A=B + X

x x x x x x x x x

Isomerases

A-B ? B-A

x x x x x

Ligases

A-X + B ? A-B + X

x x x
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reactor can still be made by further exploring the effects of

geochemical gradients and by better constraining the cata-

lytic potential of diverse mineral surfaces and solutes under

different conditions.

Exploring geochemical gradients

As discussed above (Section ‘The benefits of gradients in

prebiotic chemistry’), the physicochemical properties of

many mineral surfaces and organic compounds can change

with temperature, pressure, pH, or fluid composition. The

importance of collecting more data of this kind has been

widely appreciated only recently by experimentalists. For

example, the use of geochemically relevant buffers is rela-

tively new to origin of life experiments (Shock, 1990;

Holm & Andersson, 2005; McCollom & Seewald, 2007;

Powner et al., 2009), and the behavior of biochemical

reactions in disequilibrium environments or in flow-

through systems is completely unexplored (Shock &

Schulte, 1998). The few studies that have been conducted

in plausible prebiotic conditions were performed in closed

systems with one potential catalyst, and only one possible

reaction was assayed (McCollom & Seewald, 2007).

Future experiments could benefit from exploring a wider

range of conditions that represent the expected diversity of

settings in the Hadean (Hazen & Sverjensky, 2010). For

example, it would be useful to test how the products of a

Urey–Miller type reaction behave and react when exposed

to evapo-concentration processes on a beach or to alkaline

or acidic and metal-rich fluids in a hydrothermal vent (such

as with a setup similar to that used by Mielke et al., 2010).

Furthermore, it is known that at the extreme ends of salin-

ity, pH and temperature gradients, biomolecules can

decompose (Demirjian et al., 2001; Tenchov et al., 2006),

but these stability limits need to be further explored in an

environmental context.

Wider reaction space

Recent experimental studies have measured the ability of

individual minerals to catalyze organic synthesis reactions

(Cody et al., 2004; Foustoukos & Seyfried, 2004; Schoo-

nen et al., 2004), but not all reactions require the same

minerals. The Hadean Earth hosted a plethora of mineral

species (Hazen et al., 2008; Hazen & Ferry, 2010;

Papineau, 2010) whose substrates and products were

frequently exchanged by various mixing processes.

Clearly, the next generation of prebiotic chemistry experi-

ments would benefit from exploring a wider range of

potential mineral catalysts. Moreover, as has been noted

before (Hazen & Sverjensky, 2010), the incorporation of

realistic physical and chemical conditions, in which

complex combinations of compounds interacted within

gradients and fluid fluxes, could move prebiotic synthesis

experiments beyond the synthesis of simple building

blocks.

As for biological enzymes, mineral catalysis for any given

reaction has an optimum suite of environmental conditions

which will determine the efficiency of the reaction.

Expanding the experimental reaction space of mineral

catalysis would complement the already significant body of

literature on mineral catalysis produced in recent decades

(summarized in Fig. 6 and in Table S2). Because the

Hadean Earth was composed of innumerable environmental

micro-niches hosting chemical disequilibria capable of

facilitating mineral-catalyzed prebiotic synthesis, added

scientific value would result from constraining the limits of

pressure (P), temperature (T), and pH for specific reac-

tions. This knowledge could then be used to place con-

straints on the extent of plausible synthesis reactions taking

place on the Hadean Earth, but also on asteroids and

comets that delivered extraterrestrial organic precursors.

Parts of the P/T/pH space (in particular very high tem-

peratures) are precluded from interest by predicted organic

chemistry. However, given the multiple parameter-space

involved in these reactions, constraining this unexplored

space may reveal heretofore unanticipated products under

conditions potentially relevant to the origin of life. More

specific suggestions regarding potential experiments in

mineral surfaces research are discussed in Hazen & Sverjen-

sky (2010).

Fig. 6 Charted above is the chemical reaction space (temperature, pres-

sure, pH) examined for a number of potentially relevant mineral-catalyzed

prebiotic reactions. The figure does not include all mineral-catalyzed reac-

tion studied so far, but a selection of the reactions most commonly dis-

cussed in the literature. The space examined does not indicate successful

production, only the space which has been investigated. Values not

reported are plotted as a 0 value on the respective axis. Not included in the

plot are reactant suites and the time of reaction. For references see Supple-

mentary Table S2.
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Homogeneous catalysis

The role of minerals in heterogeneous catalysis has been

emphasized repeatedly above; however, metals in solution

might be more accessible catalysts in aqueous environ-

ments. Recent advances in structural inorganic chemistry

allow the investigation of their importance in the origin of

life (Morowitz et al., 2010).

Transition metals are most abundant in sulfide phases,

and before the rise of oxygen, hydrothermal alteration of

oceanic crust would have been their major source to the

ocean (Section ‘Hydrothermal systems’). In addition to

water-rock interactions at the seafloor, impacts of meteor-

ites, some of which are more metal-rich than the Earth’s

crust, could have led to temporary enrichments of metals

on the Hadean surface. Hence, different geological pro-

cesses would have established gradients of transition metals

in the ocean and in crustal settings.

The involvement of dissolved metals in prebiotic chemis-

try is an understudied subject (Morowitz et al., 2010),

although the rules of chemistry and physics governing those

reactions are the same as in modern life forms as they were

in the Hadean. For example, the compact, divalent zinc ion

with a high affinity for oxygen is commonly used in extant

organisms for rapid ligand-exchange reactions (Frausto da

Silva & Williams, 1991; Shriver & Atkins, 1999). The multi-

ple possible redox states of copper and iron, on the other

hand, are the basis of many electron transfer reactions (Frau-

sto da Silva & Williams, 1991; Shriver & Atkins, 1999). Dif-

ferent metals have different preferences for ligands and

molecular geometries, and life exploits those preferences for

its own chemical machinery. Based on these data, it seems

plausible that dissolved metals could have played a signifi-

cant catalytic role in prebiotic chemistry, and future experi-

ments would benefit from exploring this possibility.

CONCLUSION

We propose that investigations into the origin of life must

account for the geochemical complexity of the early Earth

system. The origin of life was a complex process that

resulted in a global transformation of our planet; it is

only reasonable to conclude that it required complex

interactions among many processes and settings on a

global scale.

Envisioning the origin of life in a global context is

advantageous because it makes prebiotic chemistry more

plausible and because the global context is an inescapable

reality. Origin of life research is often discussed in terms of

a dichotomy: productive chemical reactions vs. environ-

mental relevance. We have argued that thinking about pre-

biotic processes in a global context eliminates the

dichotomy and opens the possibility that the relevant

chemical reactions are also the most productive.

How can we use this information in our search for life

elsewhere? Life as we know it could probably not have

originated without active geological processes (e.g. rock

and hydrological cycles) and the environmental conditions

that result from these processes. As a corollary, any rocky

planetary body with water and active geological cycles may

have the potential for a de novo origin of Earth-like life. As

such, it may be more important for astrobiologists to

understand the dynamic geological properties of a plane-

tary body than to understand how exactly life originated

on Earth.

Of course, a tremendous amount of laboratory and field-

based research is required to demonstrate how natural

reactions involving a variety of energy sources, catalysts,

and organic and inorganic compounds can lead to reaction

networks and biological systems. Much insight can be

gained from highly focused experiments with one kind of

molecule under one set of conditions. However, if one

views the origin of life as a complex network of reactions

occurring in multiple sets of conditions over extended peri-

ods of time and space, then this complexity should be

reflected in the design of future experimental studies. This

paper has not attempted to solve the problem of the origin

of life, but rather to describe an approach that may prove

useful for a field that is still in its beginning stages.

ACKNOWLEDGMENTS

Funding was provided by an NSF Interdisciplinary Gradu-

ate Education and Research Training (IGERT) grant and a

NASA Astrobiology Institute grant through Cooperative

Agreement NNA04CC09A to the Geophysical Laboratory

at the Carnegie Institution for Science. We thank Roger

Buick for helpful comments on an earlier version of this

manuscript, as well as Bob Hazen and two anonymous

reviewers whose input greatly improved the paper.

DISCLOSURE STATEMENT

No competing financial interests exist.

REFERENCES

Abramov O, Mojzsis SJ (2009) Microbial habitability of the

Hadean Earth during the late heavy bombardment. Nature
459, 419–422.

Adam Z (2007) Actinides and the origin of life. Astrobiology 7,
852–872.

Adams DK, McGillicuddy DJ Jr, Zaamudio L, Thurnherr AM,
Liang X, Rouxel O, German CR, Mullineaux LS (2011)

Surface-generated mesoscale eddies transport deep-sea products

from hydrothermal vents. Science 332, 580–583.
Aliani S, Meloni R, Dando PR (2004) Periodicities in sediment
temperature time-series at a marine shallow water hydrothermal

vent in Milos Island (Aegean Volcanic arc, Eastern

Mediterranean). Journal of Marine Systems 46, 109–119.

© 2013 Blackwell Publishing Ltd

Did life originate from a global chemical reactor? 119



Anbar A, Holland HD (1992) The photochemistry of manganese

and the origin of banded iron formations. Geochimica et
Cosmochimica Acta 56, 2595–2603.

Armstrong RL (1981) Radiogenic isotopes: the case for crustal
recycling on a near-steady-state no-continental-growth Earth.

Philosophical Transactions of the Royal Society of London A 301,
443–472.

Baaske P, Weinert FM, Duhr S, Lemke KH, Russell MJ, Braun D
(2007) Extreme accumulation of nucleotides in simulated

hydrothermal pore systems. Proceedings of the National Academy
of Sciences 104, 9346–9351.

Bada JL (2004) How life began on Earth: a status report. Earth
and Planetary Science Letters 226, 1–15.

Bada JL, Bigham C, Miller SL (1994) Impact melting of frozen

oceans on the early Earth: Implications for the origin of
life. Proceedings of the National Academy of Sciences 91,
1248–1250.

Bapteste E, Brochier C, Boucher Y (2005) Higher-level

classification of the Archaea: evolution of methanogenesis and
methanogens. Archaea 1, 353–363.

Baross J, Hoffman SE (1985) Submarine hydrothermal vents and

associated gradient environments as sites for the origin and

evolution of life. Origins of Life and Evolution of Biospheres 15,
327–345.

Bassez M-P (2003) Is high-pressure water the cradle of life?

Journal of Physics: Condensed Matter 15, L353–L361.
Bekins BA, Spivack AJ, Davis EE, Mayer LA (2007) Dissolution

of biogenic ooze over basement edifices in the equatorial Pacific

with implications for hydrothermal ventilation of the oceanic

crust. Geology 35, 679–682.
Benner SA, Kim H-J, Kim M-J, Ricardo A (2010) Planetary

organic chemistry and the origins of biomolecules. In: The
Origins of Life (eds Deamer D, Shostak JW). Cold Spring

Harbor Laboratory Press, New York, pp. 67–88.
Berg IA, Kockelkorn D, Ramos-Vera WH, Say RF, Zarzycki J,

Hugler M, Alber BE, Fuchs G (2010) Autotrophic carbon

fixation in archaea. Nature Reviews Microbiology 8, 447–460.
Blais S, Auvray B (1990) Serpentinization in the Archean

komatiitic rocks of the Kuhmo greenstone belt, eastern Finland.

Canadian Mineralogist 28, 55–66.
Boulter CA, Glover JE (1986) Chert with relict hopper moulds
from Rocklea Dome, Pilbara craton, Western Austrlia: an

Archaean halite-bearing evaporite. Geology 14, 128–131.
Boyd ES, Anbar A, Miller SL, Hamilton TL, Lavin M, Peters JW

(2011) A late methanogen origin for molybdenum-dependent
nitrogenase. Geobiology 9, 221–232.

Brandes JA, Hazen RM, Yoder HS Jr (2008) Inorganic nitrogen

reduction and stability under simulated hydrothermal
conditions. Astrobiology 8, 1113–1126.

Brasier MD, Matthewman R, McMahon S, Wacey D (2011)

Pumice as a remarkable substrate for the origin of life.

Astrobiology 11, 725–735.
Braterman PS, Cairns-Smith AG, Sloper RW (1983) Photo-

oxidation of hydrated Fe2+ - Significance for banded iron

formations. Nature 303, 163–164.
Brown GC (1979) The changing pattern of batholith
emplacement dudring earth history. In: Origin of Granite
Batholiths (eds Atherton MP, Tarney J), Shiva, Nantwich, pp.

106–115.
Budin I, Bruckner RJ, Szostak JW (2009) Formation of protocell-
like vesicles in a thermal diffusion column. Journal of the
American Chemical Society 131, 9628–9629.

Buick R (2007) The earliest records of life on Earth. In: Planets
and Life: The Emerging Science of Astrobiology (eds Sullivan WT

III, Baross JA). Cambridge University Press, Cambridge, pp.

237–264.
Buick R, Dunlop JSR (1990) Evaporitic sediments of Early

Archaean age from the Warrawoona Group, North Pole,
Western Australia. Sedimentology 37, 247–277.

Caetano-Anolles G, Kim H-S, Mittenthal JE (2007) The origins

of modern metabolic networks inferred from phylogenomic

analysis of protein architecture. Proceedings of the National
Academy of Sciences 104, 9358–9363.

Cairns-Smith AG (1978) Precambrian solution photochemistry,

inverse segregation, and banded iron formations. Nature 76,
807–808.

Cairns-Smith G (2003) Fine-tuning in living systems: early

evolution and the unity of biochemistry. International Journal
of Astrobiology 2, 87–90.

Catling DC (2006) Comment on “A hydrogen-rich early Earth

atmosphere”. Science 311, 38a.
Catling DC, Kasting JF (2007) Planetary atmospheres and life. In:

Planets and Life: The Emerging Science of Astrobiology (eds
Sullivan WT III, Baross J). Cambridge University Press,

Cambridge, pp. 91–116.
Charlou JL, Fouquet Y, Bougault H, Donval JP, Etoubleau J, Jean-

Baptiste P, Dapoigny A, Appriou P, Rona PA (1998) Intense CH4
plumes generated by serpentinization of ultramafic rocks at the

intersection of the 15°20′N fracture zone and the Mid-Adlantic

Ridge. Geochimica et Cosmochimica Acta 62, 2323–2333.
Charlou JL, Donval JP, Fouquet Y, Jean-Baptiste P, Holm N

(2002) Geochemistry of high H2 and CH4 vent fluids issuing

from ultramafic rocks at the Rainbow hydrothermal field

(36°14′N, MAR). Chemical Geology 191, 345–359.
Christner BC, Kvitko BH, Reeve JN (2003) Molecular

identification of Bacteria and Eukarya inhabiting an Antarctic

cryoconite hole. Extremophiles 7, 177–183.
Churchill H, Teng H, Hazen RM (2004) Correlation of pH-
dependent surface interaction forces to amino acid adsorption:

Implications for the origin of life. American Mineralogist 89,
1048–1055.

Chyba C, Sagan C (1992) Endogenous production, exogenous

delivery and impact-shock synthesis of organic molecules: an

inventory for the origins of life. Nature 355, 125–132.
Cleaves HJ, Scott AM, Hill FC, Leszczynski J, Sahai N, Hazen
RM (2012) Mineral-organic interfacial processes: potential roles

in the origins of life. Chemical Society Reviews 41, 5365–5568.
Cockell CS (2000) The ultraviolet history of the terrestrial planets

– implications for biological evolution. Planetary and Space
Science 48, 203–214.

Cody GD (2004) Transition metal sulfides and the origins of

metabolism. Annual Review of Earth and Planetary Sciences 32,
569–599.

Cody GD, Scott JH (2007) The roots of metabolism. In: Planets
and Life: The Emerging Science of Astrobiology (eds Sullivan WT

III, Baross J). Cambridge University Press, Cambridge, pp. 174
–186.

Cody GD, Boctor NZ, Filley TR, Hazen RM, Scott JH, Sharma

A, Yoder HS Jr (2000) Primordial carbonylated iron-sulfur

compounds and the synthesis of pyruvate. Science 289, 1337–
1340.

Cody GD, Boctor NZ, Brandes JA, Filley TR, Hazen RM, Yoder

HS (2004) Assaying the catalytic potential of transition metal

sulfides for abiotic carbon fixation. Geochimica et Cosmochimica
Acta 68, 2185–2196.

Copley SD, Smith E, Morowitz HJ (2007) The origin of the

RNA world: co-evolution of genes and metabolism. Bioorganic
Chemistry 35, 430–443.

© 2013 Blackwell Publishing Ltd

120 E. E. ST€UEKEN et al.



Cox GFN, Weeks WF (1983) Equations for determining the gas

and brine volumes in sea-ice samples. Journal of Glaciology 29,
306–316.

Cvetkovic A, Menon AL, Thorgersen MP, Scott JW, Poole FL II,
Jenney FE Jr, Lancaster WA, Praissman JL, Shannukh S, Vaccaro

BJ, Trauger SA, Kalisiak E, Apon JV, Siuzdak G, Yannone SM,

Trainer JA, Adams MWW (2010) Microbial metalloproteomes

are largely uncharacterized. Nature 466, 779–782.
von Damm KL (1990) Seafloor hydrothermal activity: black

smoker chemistry and chimneys. Annual Review of Earth and
Planetary Sciences 18, 173–204.

Dann CE, Wakeman CA, Sieling CL, Baker SC, Irnov I, Winkler

WC (2007) Structure and mechanism of a metal-sensing

regulatory RNA. Cell 130, 878–892.
De Duve C (1995) Vital Dust: the Origin and Evolution of Life on
Earth, BasicBooks, New York.

Deamer DW (2007) The origin of cellular life. In: Planets and Life:
The Emerging Science of Astrobiology (eds Sullivan WT III, Baross

J). Cambridge University Press, Cambridge, pp. 187–209.
Deamer D (2011) First Life: Discovering the Connections between
Stars, Cells, and How Life Began, University of California Press,

Berkeley.

Deamer D, Weber AL (2010) Bioenergetics and life’s origin. In:
The Origins of Life (eds Deamer D, Shostak JW). Cold Spring

Harbor Laboratory Press, New York, pp. 141–156.
Deamer D, Dworkin JP, Sandford SA, Bernstein MP, Allamandola
LJ (2002) The first cell membranes. Astrobiology 2, 371–381.

Demirjian DC, Moris-Varas F, Cassidy CS (2001) Enzymes from

extremophiles. Current Opinion in Chemical Biology 5,
144–151.

Ding X, Henrichs SM (2002) Adsorption and desorption of

proteins and polyamino acids by clay minerals and marine

sediment. Marine Chemistry 77, 225–237.
Dobson CM, Ellison GB, Tuck AF, Vaida V (2000) Atmospheric
aerosols as prebiotic chemical reactors. Proceedings of the
National Academy of Sciences 97, 11864–11868.

Donaldson DJ, Tervahattu H, Tuck AF, Vaida V (2004) Organic
aerosols and the origin of life: a hypothesis. Origins of Life and
Evolution of Biospheres 34, 57–67.

Douville E, Charlou JL, Oelkers EH, Bienvenu P, Jove Colon CF,

Donval JP, Fouquet Y, Prieur D, Appriou P (2002) The rainbow
vent fluids (36°14′N, MAR): the influence of ultramafic rocks

and phase separation on trace metal content in Mid-Atlantic

Ridge hydrothermal fluids. Chemical Geology 184, 37–48.
Douglas TA, Domine F, Barret M, Anastasio C, Beine HJ,
Bottenheim J, Grannas A, Houdier S, Netcheva S, Rowland G,

Staebler R, Steffen A (2012) Frost flowers growing in the Arctic

ocean-atmosphere-sea ice-snow interface: 1. Chemical
composition. Journal of Geophysical Research 117, D00R09.

Ducluzeau A-L, van Lis R, Duval S, Schoepp-Cothenet B, Russel

MJ, Nitschke W (2008) Was nitric oxide the first deep electron

sink? TRENDS in Biochemical Sciences 34, 9–15.
Dupont CL, Butcher A, Valas RE, Bourne PE, Caetano-Anolles G

(2010) History of biological metal utilization inferred through

phylogenomic analysis of protein structure. Proceedings of the
National Academy of Sciences 107, 10567–10572.

Dypvik H, Jansa LF (2003) Sedimentary signatures and processes

during marine bolide impacts: a review. Sedimentary Geology
161, 309–337.

Ekman VW (1905) On the influence of the Earth’s rotation on
ocean-currents. Arkiv for Matematik Astronomi och Fysik 2, 1–53.

Farquhar J, Savarino J, Airieau S, Thiemens MH (2001)

Observation of the wavelength-sensitive mass-dependent sulfur
isotope effects during SO2-photolysis: implications for the

early atmosphere. Journal of Geophysical Research 106,
32829–32839.

Felitsyn S, Kirianov V (2002) Mobility of phosphorus during

weathering of volcanic ashes. Lithology and Mineral Resources
37, 275–278.

Ferris JP (2005a) Catalysis and prebiotic synthesis. Reviews in
Mineralogy and Geochemistry 59, 187–210.

Ferris JP (2005b) Mineral catalysis and prebiotic synthesis:
montmorillonite-catalyzed formation of RNA. Elements 1,
145–149.

Fisher AT, Becker K (2000) Channelized fluid flow in oceanic
crust reconciles heat-flow and permeability data. Nature 403,
71–74.

Folsome C, Brittain A, Zelko M (1983) Photochemical synthesis

of biomolecules under anoxic conditions. Origins of Life and
Evolution of Biospheres 13, 49–55.

Foustoukos DI, Seyfried WE (2004) Hydrocarbons in

hydrothermal vent fluids: the role of chromium-bearing

catalysts. Science 304, 1002–1005.
Franc�ois LM (1986) Extensive deposition of banded iron

formations was possible without photosynthesis. Nature 320,
352–354.

Frausto da Silva JJR, Williams RJP (1991) The Biological
Chemistry of the Elements – The Inorganic Chemistry of Life,
Oxford University Press, New York.

Frew NM (1997) The role of organic films in air-sea gas
exchange. In: The Sea Surface and Global Change (eds Liss PS,
Duce RA). Cambridge University Press, Cambridge, pp.

121–171.
Frogner P, Gislason SR, Oskarsoon N (2001) Fertilizing potential
of volcanic ash in ocean surface water. Geology 29, 487–490.

Fuchs G (2011) Alternative pathways of carbon dioxide fixation:

insights into the early evolution of life? Annual Reviews of
Microbiology 65, 631–658.

Fuchs G, Stupperich E (1985) Evolution of autotrophic CO2

fixation. In: Evolution of Prokaryotes FEMS Symposium (ed.

Schleier SE). Academic Press, London, pp. 235–251.
Gaucher EA, Govindarajan S, Ganesh OK (2008)

Palaeotemperature trend for Precambrian life inferred from

resurrected proteins. Nature 451, 704–708.
Glansdorff N, Xu Y, Labendan B (2008) The last universal
common ancestor: emergence, constitution and genetic legacy

of an elusive forerunner. Biology Direct 3, 29.
Glikson A (2004) Early Precambrian asteroid impact-triggered

tsunami: excavated seabed, debris flows, exotic boulders, and
turbulence features associated with 3.47-2.47 Ga-old asteroid

impact fallout units, Pilbara craton, western Australia.

Astrobiology 4, 19–50.
Gogarten-Boekels M, Hilario E, Gogarten JP (1995) The effects

of heavy meteorite bombardment on the early evolution – the

emergence of the three Domains of Life. Origins of Life and
Evolution of Biospheres 25, 251–264.

Goldman AD, Samudrala R, Baross JA (2010) The evolution and

functional repertoire of translation proteins following the origin

of life. Biology Direct 5, 15.
Gough DO (1981) Solar interior structure and luminosity
variations. Solar Physics 74, 21–34.

Gran KB, Paola C (2001) Riparian vegetation controls on braided

stream dynamics. Water Resources Research 37, 3275–3283.
Grew ES, Bada JL, Hazen RM (2011) Borate minerals and origin
of the RNA world. Origins of Life and Evolution of Biospheres
41, 307–316.

Grieve RAF (1987) Terrestrial impact structures. Annual Review
of Earth and Planetary Sciences 15, 245–270.

© 2013 Blackwell Publishing Ltd

Did life originate from a global chemical reactor? 121



van der Gulik P, Masser S, Gilis D, Buhman H, Rooman M

(2009) The first peptides: the evolutionary transition between

prebiotic amino acids and early proteins. Journal of Theoretical
Biology 261, 531–539.

Gysi AP, Stefansson A (2012) Mineralogical aspects of CO2

sequestration during hydrothermal basalt alteration - An

experimental study at 75 to 250 C and elevated pCO2.

Chemical Geology 306–307, 146–159.
Hargraves RB (1986) Faster spreading or greater ridge length in

the Archean? Geology 14, 750–752.
Harris JK, Kelley ST, Spiegelman GB, Pace NR (2003) The
genetic core of the universal ancestor. Genome Research 13,
407–412.

Harrison TM, Schmitt AK, McCulloch MT, Lovera OM (2008)

Early (>4.5 Ga) formation of terrestrial crust: Lu-Hf, d18O, and
Ti thermometry results for Hadean zircons. Earth and Planetary
Science Letters 268, 476–486.

Hazen RM (2005) Genesis: The Scientific Quest for Life’s Origin,
Joseph Henry Press, Washington D.C.

Hazen RM (2012) Geochemical origins of life. In: Fundamentals
of Geobiology (eds Knoll AH, Canfield DE, Konhauser KO).

Wiley-Blackwell Oxford, UK, pp. 315–332.
Hazen RM, Ferry JM (2010) Mineral evolution: mineralogy in the
fourth dimension. Elements 6, 9–12.

Hazen RM, Sholl DS (2003) Chiral selection on inorganic

crystalline surfaces. Nature Materials 2, 367–374.
Hazen RM, Sverjensky DA (2010) Mineral surfaces, geochemical

complexities and the origin of life. In: The Origins of Life. A
Subject Collection from Cold Spring Harbor Perspectives in
Biology (eds Deamer D, Szostak JW). Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY, pp. 157–178.

Hazen RM, Filley TR, Goodfriend GA (2001) Selective

adsorption of L- and D-amino acids on calcite: implications for

biochemical homochirality. Proceedings of the National Academy
of Sciences 98, 5487–5490.

Hazen RM, Papineau D, Bleeker W, Downs RT, Ferry JM,

McCoy TJ, Sverjensky DA, Yang H (2008) Mineral evolution.
American Mineralogist 93, 1693–1720.

Hazen RM, Hemley RJ, Mangum AJ (2012) Carbon in Earth’s

interior: storage, cycling, and life. EoS Transactions of the
American Geophysical Union 93, 17–28.

Heinen W, Lauwers AM (1996) Organic sulfur compounds

resulting from the interaction of iron sulfide, hydrogen sulfide

and carbon dioxide in an anaerobic aqueous environment.

Origins of Life and Evolution of the Biosphere 26, 131–150.
Hellevang H (2008) On the forcing mechanism for the H2-driven

deep biosphere. International Journal of Astrobiology 7, 157–167.
Hennet RJC, Holm N, Engel MH (1992) Abiotic synthesis of
amino acids under hydrothermal conditions and the origin

of life: a perpetual phenomenon? Naturwissenschaften 79,
361–365.

Heremans K, Smeller L (1998) Protein structure and dynamics at
high pressure. Biochimica et Biophysica Acta (BBA) - Protein
Structure and Molecular Enzymology 1386, 353–370.

Hofmann A (2011) Archaean hydrothermal systems in the

Barberton Greenstone Belt and their significance as a habitat for
early life. In: Earliest Life on Earth: Habitats, Environments and
Methods of Detection (eds Golding SD, Glikson M). Springer

Science and Business Media B.V, New York, pp. 51–78.
Hofmann A, Bolhar R (2007) Carbonaceous cherts in the
Barberton Greenstone Belt and their significance for the study

of early life in the Archean record. Astrobiology 7, 355–388.
Holm NG (2012) The significance of Mg in prebiotic
geochemistry. Geobiology 10, 269–279.

Holm NG, Andersson E (2005) Hydrothermal simulation

experiments as a tool for studies of the origin of life on earth

and other terrestrial planets: a review. Astrobiology 5, 444–460.
Holm N, Charlou JL (2001) Initial indications of abiotic
formation of hydrocarbons in the Rainbow ultramafic

hydrothermal system, Mid-Atlantic Ridge. Earth and Planetary
Science Letters 191, 1–8.

Holm NG, Neubeck A (2009) Reduction of nitrogen compounds
in oceanic basement and its implications for HCN formation and

abiotic organic synthesis. Geochemical Transactions 10, 1–11.
Hoskin PWO (2005) Trace-element composition of hydrothermal
zircon and the alteration of Hadean zircon from the Jack Hills,

Australia. Geochimica et Cosmochimica Acta 69, 637–648.
Huber C, W€achtersh€auser G (1997) Activated acetic acid by

carbon fixation on (Fe,Ni)S under primordial conditions. Science
276, 245–247.

Hunt BG (1979) The effects of past variations of the Earth’s

rotation rate on climate. Nature 281, 188–191.
Hunter KA, Liss PS (1977) The input of organic material to the
oceans: air sea interactions and the chemical composition of the

sea surface. Marine Chemistry 5, 361–379.
Huston D, Sun S-S, Blewett R, Hickman AH, Van Kranendonk

M, Phillips D (2002) The timing of mineralization in the
Archean North Pilbara Terrain, Western Australia. Economic
Geology 97, 733–755.

Hutnak M, Fisher AT (2007) Influence of sedimentation, local
and regional hydrothermal circulation, and thermal rebound on

measurements of seafloor heat flux. Journal of Geophysical
Research 112, B12101.

Hutnak M, Fisher AT, Harris R, Stein C, Wang K, Spinelli G,
Schindler M, Villinger H, Silver E (2008) Large heat and fluid

fluxes driven through mid-plate outcrops on ocean crust.

Nature Geoscience 1, 1–4.
Jacob D (1999) Introduction to Atmospheric Chemistry. Princeton
University Press, Princeton, NJ.

Johnson HP, Pruis MJ (2003) Fluxes of fluid and heat from the

oceanic crustal reservoir. Earth and Planetary Science Letters
216, 564–574.

Johnson AP, Cleaves HJ, Dworkin JP, Glavin DP, Lazcano A,

Bada JL (2008) The Miller volcanic spark discharge experiment.

Science 322, 404.
Jokiel P, Cox F (2003) Drift pumice at Christmas Island and

Hawaii: evidence of oceanic dispersal patterns. Marine Geology
202, 121–133.

Kanavarioti A, Monnard P-A, Deamer DW (2001) Eutectic phases
in ice facilitate nonenzymatic nucleic acid synthesis. Astrobiology
1, 271–281.

Kanehisa M, Goto S, Hattori M, Aoki-Kinoshito KF, Itoh M,
Kawashima S, Katayama T, Araki M, Hirakawa M (2006) From

genomics to chemical genomics: new developments in KEGG.

Nucleic Acids Research 34, D354–D357.

Karlin KD (1993) Metalloenzymes, structural motifs, and
inorganic models. Science 261, 701–708.

Kasting JF (2010) Faint young Sun redux. Nature 464, 687–689.
Kasting JF, Catling DC (2003) Evolution of a habitable planet.

Annual Reviews in Astronomy and Astrophysics 41, 429–463.
Keil RG, Dickens AF, Arnason R, Nunn BL, Devol AH (2004)

What is the oxygen exposure time of laterally transported

organic matter along the Washington margin? Marine Chemistry
92, 157–165.

Kelley D, Karson JA, Blackman DK, Frueh-Green GL, Butterfield

DA, Lilley MD, Olson EJ, Schrenk MO, Roe KK, Lebon GT,

Rivizzigno P (2001) An off-axis hydrothermal vent field near
the Mid-Atlantic Ridge at 30˚N. Nature 412, 145–149.

© 2013 Blackwell Publishing Ltd

122 E. E. ST€UEKEN et al.



Kelley D, Karson JA, Frueh-Green GL, Yoerger DR, Shank TM,

Butterfield DA, Hayes JM, Schrenk MO, Olson EJ,

Proskurowski G, Jakuba M, Bradley A, Larson B, Ludwig K,

Glickson D, Buckman K, Bradley AS, Brazelton WJ, Roe K,
Elend MJ, Delacour A, Bernasconi SM, Lilley MD, Baross J,

Summons RE, Sylva SP (2005) A serpentinite-hosted

ecosystem: the lost city hydrothermal field. Science 307, 1428–
1434.

Kemp AIS, Wilde SA, Hawkesworth CJ, Coath CD, Nemchin A,

Pidgeon RT, Vervoort JD, DuFrane SA (2010) Hadean crustal

evolution revisited: new constraints from Pb-Hf isotope
systematics of the Jack Hills zircons. Earth and Planetary
Science Letters 296, 45–56.

Kennedy MJ, Pevear DR, Hill RJ (2002) Mineral surface control

of organic carbon in black shale. Science 295, 657–660.
Kluyver AJ, Donker HJ (1959) Die Einheit in der Biochemie. In:

Albert Jan Kluyver, His Life and Work (eds Kamp AF, La

Riviere JWM, Verhoeven W). North-Holland Publishing,

Amsterdam, pp. 211–267.
Knauth LP (2005) Temperature and salinity history of the

Precambrian ocean: implications for the course of microbial

evolution. Palaeogeography, Palaeoclimatology, Palaeoecology 219,
53–69.

Konhauser KO, Amskold L, Lalonde SV, Posth NR, Kappler A,

Anbar A (2007) Decoupling photochemical Fe(II) oxidation

from shallow-water BIF deposition. Earth and Planetary Science
Letters 258, 87–100.

Koonin EV, Martin W (2005) On the origin of genomes and cells

within inorganic compartments. TRENDS in Genetics 21, 648–
654.

Kring DA, Cohen BA (2002) Cataclysmic bombardment

throughout the inner solar system 3.9-4.0 Ga. Journal of
Geophysical Research 107, 5009.

Kump LR, Seyfried WE Jr (2005) Hydrothermal Fe fluxes during
the Precambrian: effect of low oceanic sulfate concentrations

and low hydrostatic pressure on the composition of black

smokers. Earth and Planetary Science Letters 235, 654–662.
Kvenvolden K, Lawless J, Pering K, Peterson E, Flores J,

Ponnamperuma C, Kaplan IR, Moore C (1970) Evidence for

extraterrestrial amino acids and hydrocarbons in the Murchison

Meteorite. Nature 228, 923–928.
Lahav N (1999) Theories of Life’s Origin, Oxford University Press,

New York.

Lane N, Allen JF, Martin W (2010) How did LUCA make a living?

Chemiosmosis in the origin of life. BioEssays 32, 271–280.
Lang SQ, Butterfield DA, Schulte M, Kelley DS, Lilley MD

(2010) Elevated concentrations of formate, acetate and

dissolved organic carbon found at the Lost City hydrothermal
field. Geochimica et Cosmochimica Acta 74, 941–952.

Lasaga AC, Holland HD, Dwyer MJ (1971) Primordial oil slick.

Science 174, 53–55.
Lazcano A, Miller SL (1999) On the origin of metabolic
pathways. Journal of Molecular Biology 49, 424–431.

Levy M, Miller SL, Brinton K, Bada JL (2000) Prebiotic synthesis

of adenine and amino acids under Europa-like conditions. Icarus
145, 609–613.

Li Y-H (2000) A Compendium of Geochemistry, Princeton
University Press, Princeton, NJ.

Li Y-H, Schoonmaker JE (2003) Chemical composition and

mineralogy of marine sediments. In: Sediments, Diagenesis and
Sedimentary Rocks (ed. Mackenzie FT). Elsevier-Pergamon,

Oxford, pp. 1–35.
Liss PS, Duce RA (1997) The Sea Surface and Global Change,
Cambridge University Press, Cambridge.

Ljungdahl (1986) The autotrophic pathway of acetate synthesis

in acetogenic bacteria. Annual Reviw of Microbiology 40, 415–
450.

Lowe DR, Worrell GF (1999) Sedimentology, mineralogy, and
implications of silicified evaporites in the Kromberg Formation,

Barberton Greenstone Belt, South Africa. Geological Society of
America Special Papers 329, 167–188.

Mackenzie FT, Lantzy RJ, Paterson V (1979) Global trace metal
cycles and predictions. Mathematical Geology 11, 99–142.

Mackin JH (1956) Cause of braiding by a graded river. Geological
Society of America Bulletin 67, 1717–1718.

de Marcellus P, Meinert C, Nuevo M, Filippi J-J, Danger G,

Deboffle D, Nahon L, Le Sergeant d’Hendecourt L,

Meierhenrich UJ (2011) Non-racemic amino acid production by

ultraviolet irradiation of achiral interstellar ice analogs with
circularly-polarized light. The Astrophysical Journal Letters 727,
L27.

Marquez C, Lazcano A, Miller SL, Oro J (1996) Fully deuterated

aliphatic hydrocarbons obtained from iron carbide treated with
dcl and D2O. Origins of Life and Evolution of Biospheres 26,
450–451.

Martin W, Russell MJ (2007) On the origin of biochemistry at an

alkaline hydrothermal vent. Philosophical Transactions of the
Royal Society of London B 362, 1887–1925.

Martin RS, Mather TA, Pyle DM (2007) Volcanic emissions and

the early Earth atmosphere. Geochimica et Cosmochimica Acta
71, 3673–3685.

Martin W, Baross J, Kelley D, Russell MJ (2008) Hydrothermal

vents and the origin of life. Nature Reviews Microbiology 6, 805
–814.

Maynard-Smith J, Szathmary E (1997) The Major Transition in
Evolution, Oxford University Press, New York.

Mazzini A (2009) Mud volcanism: processes and implications.

Marine and Petroleum Geology 26, 1677–1680.
McCammon C (2005) The paradox of mantle redox. Science 308,
807–808.

McCollom TM, Seewald JS (2007) Abiotic synthesis of organic
compounds in deep-sea hydrothermal environments. Chemical
Reviews 107, 382–401.

McLennan SM, Taylor SR (1982) Geochemical constraints on the

growth of the continental crust. Journal of Geology 90,
347–361.

Meierhenrich UJ, Munoz-Caro GM, Schutte WA, Thiemann

WH-P, Barbier B, Brack A (2005) Precursors of biological

cofactors from ultraviolet irradiation of circumstellar/interstellar
ice analogues. Chemistry - A European Journal 11, 4895–
4900.

Menez B, Pasini V, Brunelli D (2012) Life in the hydrated
suboceanic mantle. Nature Geoscience 5, 133–137.

Meng M, Stievano L, Lambert J-F (2004) Adsorption and thermal

condensation mechanisms of amino acids on oxide supports. 1.

Glycine on Silica. Langmuir 20, 914–923.
Mielke RE, Russell MJ, Wilson PR, McGlynn SE, Coleman M,

Kidd R, Kanik I (2010) Design, fabrication, and test of a

hydrothermal reactor for origin-of-life experiments. Astrobiology
10, 799–810.

Miller SL (1953) A production of amino acids under possible

primitive Earth conditions. Science 117, 528–529.
Miller RG (2000) Influence of bank vegetation on alluvial channel

patterns. Water Resources Research 34, 1109–1118.
Miyakawa S, Cleaves HJ, Miller S (2002a) The cold origin of life:

B. Implications based on pyrimidines and purines produced

from frozen ammonium cyanide solutions. Origins of Life and
Evolution of Biospheres 32, 209–218.

© 2013 Blackwell Publishing Ltd

Did life originate from a global chemical reactor? 123



Miyakawa S, James Cleaves H, Miller S (2002b) The cold origin

of life: A. Implications based on the hydrolytic stabilities of

hydrogen cyanide and formamide. Origins of Life and Evolution
of Biospheres 32, 195–208.

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.
Mollenhauer G, McManus JF, Benthien A, Mueller PJ, Eglinton
TI (2006) Rapid lateral particle transport in the Argentine

Basin: molecular 14C and 230Thxs evidence. Deep Sea Research I
53, 1224–1243.

Moore CJ, Moore SL, Leecaster MK, Weisberg SB (2001) A

comparison of plastic and plankton in the North Pacific Central

Gyre. Marine Pollution Bulletin 42, 1297–1300.
Morita R (1999) Is H2 the universal energy source for long-term
survival? Microbial Ecology 38, 307–320.

Morowitz H (2004) Beginnings of Cellular Life: Metabolism
Recapitulates Biogenesis, Yale University Press, New Haven.

Morowitz H, Smith E (2007) Energy flow and the organization
of life. Complexity 13, 51–59.

Morowitz HJ, Srinivasan V, Smith E (2010) Ligand field theory

and the origin of life as an emergent feature of the periodic

table of elements. Biological Bulletin 219, 1–6.
Mulkidjanian AY, Bychkov AY, Dibrova DA, Galperin MY,

Koonin EV (2012) Origin of the first cells at terrestrial, anoxic

geothermal fields. Proceedings of the National Academy of
Sciences 109, 821–840.

Munsch S, Hartmann M, Ernst S (2001) Adsorption and

separation of amino acids from aqueous solutions on zeolites.

Chemical Communications 19, 1978–1979.
Nealson KH, Inagaki F, Takai K (2005) Hydrogen-driven

subsurface lithoautotrophic microbial ecosystems (SLiMEs): do

they exist and why should we care? TRENDS in Microbiology
13, 405–410.

Nilson FPR (2002) Possible impact of a primordial oil slick on

atmospheric and chemical evolution. Origins of Life and
Evolution of the Biosphere 32, 247–253.

Nisbet EG, Sleep NH (2001) The habitat and nature of early life.

Nature 409, 1083–1091.
Nuevo M, Milam SN, Sandford SA, Elsila JE, Dworkin JP (2009)

Formation of uracil from the ultraviolet photo-irradiation of
pyrimidine in pure H2O ices. Astrobiology 9, 683–695.

Nutman AP, Mojzsis SJ, Friend CRL (1997) Recognition of

� 3850 Ma water-lain sediments in West Greenland and their

significance for the early Archaean Earth. Geochimica et
Cosmochimica Acta 61, 2475–2484.

Olson DB, Backus RH (1985) The concentrating of organisms at

fronts: a cold-water fish and a warm-core Gulf Stream ring.
Journal of Marine Research 43, 113–137.

Ono S, Eigenbrode JL, Pavlov AA, Kharecha P, Rumble D III,

Kasting JF, Freeman KH (2003) New insights into Archean

sulfur cycle from mass-independent sulfur isotope records from
the Hamersley Basin, Australia. Earth and Planetary Science
Letters 213, 15–30.

Orgel LE (1998) The origin of life – a review of facts and

speculations. TRENDS in Biochemical Sciences 23, 491–495.
Pace NR (1997) A molecular view of microbial diversity and the

biosphere. Science 276, 734–740.
Papineau D (2010) Mineral environments on the earliest Earth.

Elements 6, 25–30.
Parnell J (2004) Mineral radioactivity in sands as a mechanism for

fixation of organic carbon on the early Earth. Origins of Life
and Evolution of the Biosphere 34, 533–547.

Pasek MA, Lauretta DS (2005) Aqueous corrosion of phosphide

minerals from iron meteorites: a highly reactive source of

prebiotic phosphorus on the surface of the early earth.

Astrobiology 5, 515–535.
Peret�o JG, Velasco AM, Becerra A, Lazcano A (1999)

Comparative biochemistry of CO2 fixation and the evolution of

autotrophy. International Microbiology: The Official Journal of
the Spanish Society for Microbiology 2, 3.

Pestunova O, Simonov A, Snytnikov V, Stoyanovsky V, Parmon V

(2005) Putative mechanism of the sugar formation on prebiotic

Earth initiated by UV-radiation. Advances in Space Research 36,
214–219.

Pfirman SL, Eicken H, Bauch D, Weeks WF (1995) The potential

transport of pollutants by Arctic sea ice. Science of the Total
Environment 159, 129–146.

Phillips FM, Castro MC (2004) Groundwater dating and

residence-time measurements. In: Surface and Ground Water,
Weathering, and Soils (eds Holland HD, Turekian KK).

Elsevier-Pergamon, Oxford, pp. 451–497.
Pickering KT, Soh W, Taira A (1991) Scale of tsunami-generated

sedimentary structures in deep water. Journal of the Geological
Society, London 148, 211–214.

Pierre-Alain M, Hans Z (2008) Eutectic phase in water-ice: a self-
assembled environment conducive to metal-catalyzed non-

enzymatic RNA polymerization. Chemistry & Biodiversity 5,
1521–1539.

Pietranik AB, Hawkesworth CJ, Storey CD, Kemp AIS, Sircombe

KN, Whitehouse MJ, Bleeker W (2008) Episodic, mafic crust

formation from 4.5 to 2.8 Ga: new evidence from detrital

zircons, Slave craton, Canada. Geology 36, 875–878.
Pizzarello S, Shock E (2010) The organic composition of

carbonaceous meteorites: the evolutionary story ahead of

biochemistry. In: The Origins of Life. A Subject Collection from
Cold Spring Harbor Perspectives in Biology (Deamer D, Szostak
JW). Cold Spring Harbor Laboratory Press, Cold Spring

Harbor, NY, 89–108.
Pons M-L, Quitte G, Fujii T, Rosing MT, Reynard B, Moynier F,
Douchet C, Albarede F (2011) Early Archean serpentine mud

volcanoes at Isua, Greenland, as a niche for early life.

Proceedings of the National Academy of Sciences 108,
17639–17643.

Pope EC, Bird DK, Rosing M (2012) Isotope composition and

volume of Earth’s early oceans. Proceedings of the National
Academy of Sciences 109, 4371–4376.

Powner MW, Gerland B, Sutherland JD (2009) Synthesis of
activated pyrimidine ribonucleotides in prebiotically plausible

conditions. Nature 459, 239–242.
Price PB (2007) Microbial life in glacial ice and implications for a
cold origin of life. FEMS Microbiology Ecology 59, 217–231.

Price PB (2009) Microbial genesis, life and death in glacial ice.

Canadian Journal of Microbiology 55, 1–11.
Pringle DJ, Miner JE, Eicken H, Golden KM (2009) Pore space
percolation in sea ice single crystals. Journal of Geophysical
Research 114, C12017.

Proskurowski G, Lilley MD, Seewald JS, Fruh-Green GL, Olson

EJ, Lupton JE, Sylva SP, Kelley DS (2008) Abiogenic
hydrocarbon production at lost city hydrothermal field. Science
319, 604–607.

Ragsdale (1991) Enzymology of the acetyl-CoA pathway of CO2

fixation. Critical Reviews in Biochemistry and Molecular Biology
26, 261–300.

Rasmussen B, Buick R (1999) Redox state of the Archean

atmosphere: evidence from detrital heavy minerals in ca. 3250-

© 2013 Blackwell Publishing Ltd

124 E. E. ST€UEKEN et al.



2750 Ma sandstones from the Pilbara Craton, Australia. Geology
27, 115–118.

Richter FM (1988) A major change in the thermal state of the

Earth at the Archaean-Proterozoic boundary: consequences for
the nature and preservation of continental lithosphere. Journal
of Petrology 1, 39–52.

Rode BM, Son HL, Suwannachot Y (1999) The combination of

salt induced peptide formation reaction and clay catalysis: a way
to higher peptides under primitive Earth conditions. Origins of
Life and Evolution of the Biosphere 29, 273–286.

Rollinson H (2007) Early Earth systems, Blackwell Publishing,
Oxford, UK.

Rosenzweig AC (2002) Metallochaperones: bind and deliver.

Chemistry and Biology 9, 673–677.
Russell MJ, Martin W (2004) The rocky roots of the acetyl-CoA
pathway. TRENDS in Biochemical Sciences 29, 358–363.

Russell MJ, Hall AJ, Martin W (2010) Serpentinization as a

source of energy at the origin of life. Geobiology 8, 355–371.
Ryder G (2003) Bombardment of the Hadean Earth: wholesome
or deleterious?. Astrobiology 3, 3–6.

Sander SG, Koschinsky A (2011) Metal flux from hydrothermal

vents increased by organic complexation. Nature Geoscience 4,
145–150.

Sansone FJ, Andrews CC, Okamoto MY (1987) Adsorption of

short-chain organic acids onto nearshore marine sediments.

Geochimica et Cosmochimica Acta 51, 1889–1896.
Schlesinger G, Miller SL (1983) Prebiotic synthesis in

atmospheres containing CH4, CO and CO2. I.: amino Acids.

Journal of Molecular Evolution 19, 376–382.
Schmitt-Kopplin P, Gabelica Z, Gougeon RD, Fekete A, Kanawati
B, Harir M, Gebefuegi I, Eckel G, Hertkorn N (2010) High

molecular diversity of extraterrestrial organic matter in

Murchison meteorite revealed 40 years after its fall. Proceedings
of the National Academy of Sciences 107, 2763–2768.

Schoepp-Cothenet B, Van Lis R, Atteia A, Baymann F,

Capowiez L, Ducluzeau A-L, Duval S, Brink FT, Russell MJ,

Nitschke W (2012a) On the universal core of bioenergetics.
Biochimica et Biophysica Acta (BBA) – Bioenergetics. in press.

Schoepp-Cothenet B, van Lis R, Philippot P, Magalon A, Russell

MJ, Nitschke W (2012b) The ineluctable requirement for the

trans-iron elements molybdenum and/or tungsten in the origin
of life. Scientific Reports 2, 1–5.

Schoonen M, Smirnov A, Cohn C (2004) A perspective on

the role of minerals in prebiotic synthesis. Ambio 33,
539–551.

Schrenk MO, Huber JA, Edwards KJ (2010) Microbial provinces

in the subseafloor. Annual Review of Marine Science 2, 279–
304.

Schwartzmann DW, Lineweaver CH (2004) The

hyperthermophilic origin of life revisited. Biochemical Society
Transactions 32, 168–171.

Serganov A, Patel DJ (2007) Ribozymes, riboswitches and
beyond: regulation of gene expression without proteins. Nature
Reviews Genetics 8, 776–790.

Shanker U, Bhushan B, Bhattacharjee G, Kamaluddin (2011)

Formation of nucleobases from formamide in the presence of
iron oxides: implications in chemical evolution and origin of life.

Astrobiology 11, 225–233.
Shibuya R, Komiya T, Nakamura K, Takai K, Maruyama S (2010)

Highly alkaline, high-temperature hydrothermal fluids in the
early Archean ocean. Precambrian Research 182, 230–238.

Shigemasa Y, Matsuda Y, Sakazawa C, Matsuura T (1977)

Formose reactions. II. The photochemical formose reaction.
Bulletin of the Chemical Society of Japan 50, 222–226.

Shock EL (1990) Do amino acids equilibrate in hydrothermal

fluids? Geochimica et Cosmochimica Acta 54, 1185–1189.
Shock E (1992) Chemical environments of submarine

hydrothermal systems. Origins of Life and Evolution of Biospheres
22, 67–107.

Shock EL, Schulte MD (1998) Organic synthesis during fluid

mixing in hydrothermal systems. Journal of Geophysical Research
103, 28513–28527.

Shriver DF, Atkins PW (1999) Inorganic Chemistry, Oxford

University Press, Oxford.

Sieburth J (1983) Microbiological and organic-chemical processes
in the surface and mixed layer. In: Air Sea Exchange of Gases
and Particles (eds Liss PS, Slinn WGN). D. Reidel Publishing

Company, Dordrecht, pp. 121–172.
Siever R (1992) The silica cycle in the Precambrian. Geochimica et
Cosmochimica Acta 56, 3265–3272.

Sleep NH, Zoback MD (2007) Did earthquakes keep the early

crust habitable? Astrobiology 7, 1023–1032.
Sleep NH, Zahnle KJ, Kasting JF, Morowitz HJ (1989)
Annihilation of ecosystems by large asteroid impacts on the early

Earth. Nature 342, 139–142.
Sleep NH, Meibom A, Fridriksson T, Coleman RG, Bird DK

(2004) H2-rich fluids from serpentinization: geochemical and
biotic implications. Proceedings of the National Academy of
Sciences 101, 12818–12823.

Smetacek V, Bodungen B, Broeckel K, Zeitzschel B (1976) The
plankton tower. II. Release of nutrients from sediments due to

changes in the density of bottom water. Marine Biology 34, 373
–378.

Sowerby SJ, Cohn CA, Heckl WM, Holm N (2001) Differential
adsorption of nucleic acid bases: relevance to the origin of

life. Proceedings of the National Academy of Sciences 98, 820–
822.

Sowerby SJ, Petersen GB, Holm N (2002) Primordial coding of
amino acids by adsorbed purine bases. Origins of Life and
Evolution of Biospheres 32, 35–46.

Spinelli G, Fisher AT (2004) Hydrothermal circulation within
topographically rough basaltic basement on the Juan de Fuca

Ridge flank. Geochemistry, Geophysics, Geosystems 5, 1–19.
Srinivasan V, Morowitz HJ (2009) The canonical network of

autotrophic intermediary metabolism: minimal metabolome of a
reductive chemoautotroph. Biological Bulletin 216, 126–130.

Stumm NJ, Morgan JJ (1996) Aquatic Chemistry, John Wiley &

Sons, Inc., New York.

Sugitani K, Mimura K, Suzuki K, Nagamine K, Sugisaki R (2003)
Stratigraphy and sedimentary petrology of an Archean volcanic-

sedimentary succession at Mt. Goldsworthy in the Pilbara Block,

Western Australia: implications of evaporite (nahcolite) and
barite deposition. Precambrian Research 120, 55–79.

Summons RE (1993) Biochemical cycles. A review of fundamental

aspects of organic matter formation, preservation, and

composition. In: Organic Geochemistry: Principles and
Applications (eds Engel MH, Macko SA). Plenum Press, New

York, pp. 3.

Syvitski JPM, Peckham SD, Hilberman R, Mulder T (2003)

Predicting the terrestrial flux of sediment to the global ocean: a
planetary perspective. Sedimentary Geology 162, 5–24.

Tenchov B, Vescio EM, Sprott GD, Zeidel ML, Mathai JC (2006)

Salt tolerance of Archeal extremely halophilic lipid membranes.

Journal of Biological Chemistry 281, 10016–10023.
Tervahattu H, Juhanoja J, Kupianinen K (2002) Identification of

an organic coating on marine aerosol particles by TOF-SIMS.

Journal of Geophysical Research 107, 4319. 10.1029/
2001JD001403.

© 2013 Blackwell Publishing Ltd

Did life originate from a global chemical reactor? 125



Theobald DL (2010) A formal test of the theory of universal

common ancestry. Nature 465, 219–222.
Thomas DN, Dieckmann GS (2002) Antarctic sea ice – a habitat

for extremophiles. Science 295, 641–644.
Tian F, Toon OB, Pavlov AA, De Sterck H (2005) A hydrogen-

rich early Earth atmosphere. Science 308, 1014–1017.
Tian F, Toon OB, Pavlov AA (2006) Response to comment on

“A hydrogen-rich early Earth atmosphere”. Science 311, 38b.
Timperley MH (1983) Phosphorus in spring waters of the Taupo

Volcanic Zone, North Island, New Zealand. Chemical Geology
38, 287–306.

Timperley MH, Vigor-Brown R (1985) Weathering of pumice

in the sediments as a possible source of major ions for the

waters of Lake Taupo, New Zealand. Chemical Geology 49,
43–52.

Tingle TN, Hochella MF Jr (1993) Formation of reduced

carbonaceous matter in basalts and xenoliths: reactions of

C-O-H gases in olivine crack surfaces. Geochimica et
Cosmochimica Acta 57, 3245–3249.

Tolstoy M, Vernon FL, Orcutt JA, Wyatt FK (2002) Breathing of

the seafloor: tidal correlations of seismicity at Axial volcano.

Geology 30, 503–506.
Trefil J, Morowitz H, Smith E (2009) The origin of life: a case is made
for the descent of electrons. American Scientist 97, 206–213.

Trocine RP, Trefry JH (1988) Distribution and chemistry of

suspended particles from an active hydrothermal vent site on the
Mid-Atlantic Ridge at 26°N. Earth and Planetary Science Letters
88, 1–15.

Tuck A (2002) The role of atmospheric aerosols in the origin of

life. Surveys in Geophysics 23, 379–409.
Turcotte DL (1980) On the thermal evolution of the Earth. Earth
and Planetary Science Letters 48, 53–58.

Vearncombe S, Barley ME, Groves DI, McNaugton NJ, Mikucki

EJ, Vearncombe JR (1995) 3.26 Ga black smoker-type
mineralization in the Strettey Belt, Pilbara Craton, Western

Australia. Journal of the Geological Society, London 152, 587–590.
Veizer J, Jansen SL (1979) Basement and sedimentary recycling
and continental evolution. Journal of Geology 87, 341–370.

W€achterh€auser G (1988a) Before enzymes and templates: theory

of surface metabolism. Microbiological Reviews 52, 452–484.
W€achterh€auser G (1988b) Pyrite formation, the first energy source
for life: a hypothesis. Synthetic and Applied Microbiology 10,
207–210.

W€achterh€auser G (1990) Evolution of the first metabolic

cycles. Proceedings of the National Academy of Sciences 87,
200–204.

Wahr JM (1988) The Earth’s rotation. Annual Review of Earth
and Planetary Sciences 16, 231–249.

Wallace GT Jr, Duce RA (1978) Open-ocean transport of

particulate trace metals by bubbles. Deep Sea Research 25,
827–835.

Wania F, Hoff JT, Jia CQ, Mackay D (1998) The effects of snow
and ice on the environmental behaviour of hydrophobic organic

chemicals. Environmental Pollution 102, 25–41.
Webb EC (1992) Enzyme Nomenclature 1992: Recommendations
of the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology on the Nomenclature and
Classification of Enzymes, Academic Press, San Diego.

Wharton RA Jr, McKay CP, Simmons GM Jr, Parker BC (1985)
Cryoconite holes on glaciers. BioScience 35, 499–503.

Wilde SA, Valley JW, Peck WH, Graham CM (2001) Evidence

from detrital zircons for the existence of continental crust and

oceans on the Earth 4.4 Gyr ago. Nature 409, 175–178.
Williams GE (2000) Geological constraints on the Precambrian

history of Earth’s rotation and the Moon’s orbit. Reviews of
Geophysics 38, 37–59.

Williams A, Frasca B (2001) Ion-exchange chromatography. In:
Current Protocols in Protein Science (eds Coligan JE, Dunn BM,

Speicher DW, Wingfield PT). John Wiley & Sons, New York,

pp. 2–8.
Williams G, Holloway J (1982) The range and unity of planetary
circulations. Nature 297, 295–299.

Wolf ET, Toon OB (2010) Fractal organic haze provided an

ultraviolet shield for early Earth. Science 328, 1266–1268.
Yamagata Y, Watanabe H, Saitoh M, Namba T (1991) Volcanic

production of polyphosphates and its relevance to prebiotic

evolution. Nature 352, 516–519.
Zahnle KJ, Schaefer L, Fegley B (2010) Earth’s earliest
atmospheres. In: The Origins of Life (eds Deamer D, Shostak

JW). Cold Spring Harbor Laboratory Press, New York,

pp. 49–65.
Zerkle AL, House CH, Brantley SL (2005) Biogeochemical
signatures through time as inferred from whole microbial

genomes. American Journal of Science 305, 467–502.
Zubay G, Mui T (2001) Prebiotic synthesis of nucleotides.
Origins of Life and Evolution of Biospheres 31, 87–102.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Table S1. Organic synthesis reactions at low temperatures

Table S2. Selected mineral-catalyzed organic synthesis reactions, plotted

in Figure 6 with colors indicated in column 1

© 2013 Blackwell Publishing Ltd

126 E. E. ST€UEKEN et al.


