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Abstract 

As knowledge improves in the study of early atmospheric, oceanic, and crustal 

composition, and in planetary science in general, it rejects previous origin of Life models 

such as that of Haldane (1929), Oparin (1938); Urey (1952), Miller (1953), and perhaps 

more recently, Wachtershauser, (1988a). Consequently, the idea that submarine 

hydrothermal systems could have produced and harboured the necessary prebiotic reactants 

for Life has become increasingly popular among many scientists since their discovery in 

1977 (Corliss et ai., 1979). This idea, in particular the origin of Life model proposed by 

Russell and Hall (1997), was the primary focus for this study. 

Since it is difficult to simulate hydrothermal conditions in laboratory experiments, 

eqUilibrium thermodynamic models provide an alternative approach and are the main 

concern of this thesis. These help to investigate the availability, redox behaviour, and fate of 

chemical species around hydrothermal systems (in particular, hydrogen, iron, sulfur, carbon 

dioxide and amino acids), and the physicochemical properties of hydrothermal systems 

(temperature and pH). A secondary aim was to evaluate the advantages and shortcomings of 

this approach. Most models used in this study were created using the Geochemist's 

Workbench (GWB) speciation/solubility code (Bethke, 1998), in tandem with 

thermodynamic data for minerals, aqueous species and gases, available from the Lawrence 

Livermore National Laboratory (LLNL) facility, USA (Delaney and Lundeen, 1990). Where 

thermodynamic data were not available for a particular component, the LLNL database was 

updated using data from alternative published sources. Results obtained by others using the 

SUPCRT92 code (Johnson et aI., 1992), and a comparison of GWB and EQ3NRlEQ6 

(Wolery, 1992; Wolery and Daveler, 1992), were used to demonstrate the consistency of 

results between geochemical codes. 

This study began with an attempt to understand and convey the significant advances 

in knowledge that have been made in the 20th century, in pursuit of the solution to the origin 

of Life, and of early conditions to provide the necessary experimental controls for the 

investigation. Early oceanic crust models were based on the oldest rocks found today 

(Archaean greenstones, ophiolites and dunites). These mafic (Mg-Fe rich) and ultramafic 

rocks usually contain olivines and are often serpentinised. Seawater models were based on a 

mainly carbonic acid Hadean Ocean. The production of hydrogen (a key metabolite for 

chemolithoautotrophy) from olivine-seawater interaction was investigated, as well as the 

controls on pH in the reaction settings. Hydrogen was produced in sufficient quantities (~O 



mmoles) for chemolithoautotrophic metabolism, and pH was controlled by temperature and 

the presence of magnesium and calcium. Sulfur availability (-10 mmoles) in hydrothermal 

fluids, critical to the Russell and Hall (1997) hypothesis for the formation of a primitive 

membrane in hydrothermal fluids was confirmed and concluded to be controlled by mineral 

assemblages buffering the hydrothermal fluid. 

The Theory of Surface Metabolism by Wachtershauser (1988a) implies that high

temperature hydrothermal environments enhance iron sulfide's ability to catalyse organic 

synthesis by a surface-promoted reaction (Wachtershauser, 1988b; Wachtershauser, 1990; 

Huber and Wachtershauser, 1997). This so-called 'pyrite-pulled' mechanism was rejected in 

a detailed thermodynamic study by Schoonen et al. (1999). To emphasise their point, their 

complex SUPCRT92 model was simplified and recast using GWB, which confirmed the 

SUPCRT92 result and Schoonen et ai. 's (1999) statement. 

Hydrothermal systems may have been more widespread in the Hadean due to a 

greater heat flux. To investigate this possibility, and unravel the mechanism(s) by which the 

pH of high-temperature vent fluids become acidic and what produces their distinctive black 

colour, reactions between model seawater and mafic/ultramafic rock. were conducted. 

Results indicated that ancient, medium to high temperature (150-300°C), alkaline 

hydrothermal fluids would have precipitated carbonates, brucite, and calcite upon re-mixing 

with cold, slightly alkaline seawater and may have predominated in the Hadean. Acid pH 

was effected by the loss of magnesium from seawater and calcium loss from mafic rock. 

Black-smokers were unlikley in the Hadean as the ocean was probably acidic due to high 

levels of C02. 

If the early crust contained vestigial native iron and nickel (Ballhaus, 1995; Righter 

and Drake, 1997), its overall oxidation state would have been more reducing than today 

(Kasting and Brown, 1998). Oxidation states of mineral assemblages (pyrite-pyrrhotite

magnetite, PPM; fayalite-magnetite-quartz, FMQ; nickel/nickel-oxide, NilNiO) with respect 

to the C-O-H system were evaluated at various temperatures and compared with the 

relatively reduced iron-wtistite assemblage. However, the availability of thermodynamic 

data for investigating novel, reduced mineral assemblages was limited, and unexpected 

results indicated the need to reassess the approach used. 

Water-rock reaction models were constructed to test the possibility that simple amino 

acids could have been generated in early hydrothermal fluids, and to see how pH and redox 

conditions affect their distribution (cf. Amend and Shock, 1998). Though concentrations of 



amino acids produced were negligible, amino acids were stable in low-temperature, alkaline, 

and reduced hydrothermal fluids and may have concentrated in the colloidal sieve 

comprising a hydrothermal mound. An extension of the experiment to determine if glycine 

could be condensed to higher carbon number amino acids (alanine, valine, leucine) under 

hydrothermal conditions, indicated that condensation may be 'pulled' by a decrease in H20 

activity of the fluid. 

In conclusion, this study improved on previous environmental and reactant 

constraints by simulating the generation of inorganic prebiotic reactants from the local 

geochemical hydrothermal environment. Consequently, the quantity of chemical species 

such as hydrogen, and sulfide available for organic synthesis were limited by the local 

geochemical settings in the model, whereas others have, often admittedly, used reactants in 

higher concentrations than were probably available when Life emerged. 

This thesis is a thermodynamic feasibility study which supports the notion that in the 

Hadean, key prebiotic reactants such as hydrogen, iron-sulfides, and amino acids could have 

been available and conditions were thermodynamically favourable to establish primitive 

membranes and chemolithoautotrophic metabolism. In addition, the ability to model organic 

compounds in an inorganic geochemical system demonstrate the applicability of the 

modelling codes to a variety of geochemical and biochemical situations. Thus, they are 

particularly suitable for investigating a geochemical origin of Life. 



Preface 

The thesis presented here is the result of three years work carried out at the Division 

of Earth Sciences at Glasgow University and funded by a Natural Environment Research 

Council (UK) studentship. 

The primary aim of this research was to investigate the role of minerals, fluids, gases, 

temperature and pH in the emergence and early evolution of life at or near submarine 

alkaline hydrothermal seepages, approximately 4.2 billion years ago. The work investigates 

the proposed hydrothermal fluid-rock reactions among minerals, aqueous and gaseous 

species featuring in the reaction pathways leading towards the first cell, as described in 

Russell and Hall (1997). The latest developments in their hypothesis can be examined online 

at http://www.gla.ac.uklprojects/originoflife (Russell et al., WWW, 2001). 

In general, the question to be answered in this study was: Assuming that heavy 

meteoritic impacts (Melosh, 1989) on the early Earth provided a significantly different 

(higher energy, more reduced), mineralogy to that of today (Turcotte, 1980; Ballhaus, 1995; 

Righter et al., 1997; Francis et al., 1999), how then did this affect the chemistry of the early 

atmosphere and oceans (Kasting and Brown, 1998) and the availability of prebiotic reactants 

in early hydrothermal systems? 

The origin of Life is of interest to people from many disciplines. Therefore, it seems 

appropriate to mention some key Earth Science textbooks and papers for an introduction to 

some of the principles behind the subject of geology and aqueous geochemistry (Brown et 

aI., 1992; Krauskopf, 1967; Appelo and Postma. 1993). An understanding of models of the 

evolution of the early atmosphere. ocean and crust (Lafon and MacKenzie. 1974; Holland, 

1984, Kasting and Brown. 1998) and geophysiology, the coupling of Life and the planet 

(Lovelock, 1989), will undoubtedly prove invaluable to visualise geochemical conditions 

and cycles on the early Earth. In 1991, the Scientific Committee on Oceanic Research 

(SCaR) created a working group of scientists from various disciplines who set out the terms 

of reference for the study of submarine hydrothermal systems as a plausible environment for 

the origin of Life. As a result of this collaboration, a set of papers were published (Holm 

(ed.), 1992) summarising the state of knowledge by 1992, six years before the 

commencement of this study. The discussions presented in these papers may convert even 

some of the most sceptical into accepting that extreme conditions in hydrothermal systems 

are plausible environments for life. The discussions range from the availability and fate of 

chemical species around hydrothermal systems. to the physical and chemical properties of 

1 



the hydrothermal systems themselves. This collection of published works is ideal as a 

primer to understanding the scientific reasoning behind the chemistry to be investigated, and 

the unusual conditions that prevail in hydrothermal systems, and it provides a very useful 

starting point for this research. 

The sheer complexity of the geochemical and physical processes leading up to the 

emergence of life makes it impossible to include a thorough investigation of all the stages of 

the proposed prebiotic evolutionary process. As mentioned above the thesis focused on 

hydrothermal fluid-rock and hydrothermal fluid-seawater reactions (MacLeod et al., 1994; 

Hochella Jr. and White, (eds.), 1990) to investigate what role the geochemistry of minerals, 

fluids, gases, temperature and pH played in what are considered to be the important chemical 

reactions, as well as the reaction pathways, leading towards the formation of the first cells 

(Russell and Hall, 1997). Elements and compounds that are studied in this work include 

hydrogen, carbon oxides, nitrogen, iron, sulfur and amino acids. The results help in the 

investigation of proposed key reactions, concentrations, and stability of chemical species in a 

prebiotic hydrothermal environment in the Russell-Hall theory (1997). 

Similar research, modelling the potential of hydrothermal or broadly analogous 

environments to produce and harbour the chemical species and energy necessary for the 

emergence of life is currently being investigated or reviewed by others (Shock, 1990, 1992a, 

1992b, 1995; Shock and Schulte, 1998; Schulte and Shock, 1995; Amend and Shock, 1998; 

Schoonen et al., 1999; Wachtershauser, 1988b), including individuals in our own research 

group (Russell et aI., 1998). Their expertise in thermodynamic modelling is undeniable and 

unparalleled in this field, possibly due to working with some of the pioneers of the early 

thermodynamic modelling codes such as Hal Helgeson, author of the Helgeson-Kirkham

Flowers (Helgeson et al., 1981) equations of state for modelling minerals, aqueous species 

and gases; Tom Wolery, author of the EQ3NRlEQ6 modelling code; and Craig Bethke, 

author of the Geochemist's Workbench), and to their rigorous definitions of the 

thermodynamic parameters used in their work. Therefore, their work is of essential reading 

for a thermodynamic study such as this. 

The investigators listed examine the ability of hydrothermal systems to sustain (in 

sufficient concentrations) the organic reactants for the initiation of the first biochemical 

cycle, (perhaps the pentose phosphate cycle or the reverse tricarboxylic acid (TCA) cycle). 

They also suggest how the same environment may have later supported or encouraged the 

formation of the first amino acids and proteins. 
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In particular, this work investigates the thermodynamics of reactions under 

significantly more reducing conditions than those tested by others on the basis that the early 

crust had a significantly higher native iron and nickel content than today. Other significant 

differences between this work and the work of these authors are listed below. 

(i) The majority of conclusions by these authors were arrived at using the SUPCRT 

codes whereas this work utilised the Geochemist's Workbench (GWB) codes and includes a 

comparison of results obtained from GWB and EQ3NRl6 computer codes. High pressures 

(500-5000 bars) are regularly used in the calculations by these authors. In this thesis it is 

assumed that pressure has little influence in low temperature reactions. The main advantages 

of GWB over SUPCRT and EQ3NRlEQ6 are graphic output, ease of use and rapidity, it is 

also biochemically friendly in that organic species can be modelled. 

(ii) This research utilises improved environmental and reactant constraints whereas 

others have, often admittedly, used reactants in higher concentrations than were probably 

available on the early Earth and not considered their genesis or even the initial conditions. 

One of the ways it does this is by placing an upper limit to the availability of the inorganic 

prebiotic reactants by utilising only the reactants available from the local environment or 

reaction settings. 

(iii) It could be argued that Shock, Seyfried, Schoonen, and their co-workers have 

already undertaken thermodynamic studies on the subject of organic synthesis, or stability 

and concentration of chemical species under hydrothermal conditions, but their experiments 

are limited in their applicability to the origin of Life. Most of their work focuses on the key 

steps between the inorganic and organic, and in the subsequent stability of the organic 

molecules once formed. Many of their experiments are performed with experiments 

buffered to modem oxidation states of the Earth. Although they have tackled the more 

difficult problem of organic synthesis, in this study the mechanisms by which the prebiotic 

'ingredients' are produced, their available concentrations, the influence of pH on their 

availability, are thought to be just as important. These important issues have generally not 

been addressed by many authors who just focus on organic synthesis. 

(iv) Russell and Hall have formulated their pre-life reactions within the context of the 

Hadean environment. They address why life began, and envisage a chemolithoautotrophic 

rather than an autotrophic origin. They also emphasise the important contribution of pH to 

the driving force for Life (Russell and Hall, 1997). Their hypothesis depends very much on 

the availability of key reactants in sufficient concentrations, and pH is also important in 
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determining the availability of a particular chemical species. For example, H2S is 

predominantly stable in acidic conditions, whereas HS- is stable in alkaline conditions. This 

approach has the support of biochemists who understand reactions in terms of Eh-pH 

diagrams, since Eh and pH conditions influence many biochemical reactions. In addition, 

their post emergence of life predictions are supported by feasible mechanisms for 

information transfer and replication and estimates of timescales for key evolutionary 

processes. 

To summarise, a brief description of each chapter follows. 

Chapter 1 introduces the historical aspects and recent advances of the subject to be 

tackled in the thesis, as well as the specific aims and objectives of this research. The reader 

is introduced to the basic inner workings of the thermodynamic databases and geochemical 

packages used. For readers unfamiliar with the typical output of geochemical packages, 

some special assistance is given to help in the interpretation of results in this study. 

The thesis pays particular attention to the role of hydrogen as a prebiotic reactant. 

Hydrogen has recently been shown to provide a source of energy for reactions involved in 

cell metabolism for many chemolithoautotrophic organisms (Wood, 1991; Stevens and 

McKinley, 1995; Vargas et al., 1998; Martin and Milller, 1998; Kral et ai, 1998). It is 

suggested that hydrogen detected near serpentinised rocklbasalts is abiogenic in origin (Neal 

and Stanger, 1983; Coveney et ai., 1987; Stevens and McKinley, 1995). Hydrogen 

production could be commonplace in many other subsurface environments where 

serpentinisation is taking place (Neal and Stanger, 1983; Berndt et ai., 1996). If the same is 

true of the early Earth, then early organisms could have survived on the energy available 

from hydrogen produced from such water-rock reactions. 

Chapter 2 investigates the production of hydrogen from reactions between the 

Hadean seawater and minerals assumed to be present beneath the vents and seepages of early 

hydrothermal systems. In cases such as this, where the field evidence is not conclusive, 

computer-simulated water-rock experiments can help to show whether such hypotheses are 

thermodynamically feasible in a particular geochemical environment. Thus, it includes a 

description of what the Hadean environment may have been like for the purpose of defining 

the initial environmental constraints for creating models. The crust today is composed of 

layers of basalt, gabbro and peridotites, but the models in this work focus on the oldest rocks 

found today such as Archaean greenstones, ophiolites and dunites. These ultramafic and 

mafic rocks usually contain serpentinised olivines and serpentines (Neal and Stanger, 1983). 
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The result is a set of computer-generated diagrams helpful in visualising the geochemical 

processes that may have led to the production and stability of hydrogen. 

In Chapter 3 attempts were made to determine whether there would have been 

sufficient quantities of iron-sulfide available to form membranous structures to assimilate 

organic reactants, as suggested by Russell and Hall (1997). Thus, models were created to 

examine what controls the stability and availability of sulfur in a hydrothermal fluid. Sulfur 

and sulfur compounds (particularly iron sulfides and H2S) found in and around hydrothermal 

vents are of particular interest for several reasons (Russell et ai, 1997; Clark et ai, 1998). 

Iron(nickel)-sulfide containing proteins are at the root of metabolic processes in all life 

(Silver (ed.), 1993) and are likely to have been present in the earliest life-form (Eck and 

Dayhoff, 1966). Iron sulfides may also help overcome thermodynamic barriers with their 

ability to catalyse important biological reactions in surface-promoted reactions 

(Wachtershauser, 1988b; Wachtershauser, 1990; Huber and Wachtershauser, 1997). In 

addition experiments by Heinen and Lauwers (1996, 1997) hinted that the route to organic 

synthesis may be more easily facilitated by the formation of organic thiols (R-SH) as 

intermediates. This idea was confirmed theoretically in a thermodynamic study by Schoonen 

et al. (1999). Naturally, iron and sulfur are two components that feature prominently in this 

thesis. Wachtershauser's (1988a) Theory of Surface Metabolism is also questioned. His 

proposed "pyrite-pulled mechanism" to reduce C02 and produce activated acetic acid has 

been shown to have inherent flaws (de Duve and Miller, 1991; McDowall pers. comm., 

1997; Schoonen et al., 1999), though later he did have success with CO and iron-nickel 

sulfide as a catalyst. However, the reaction in the latter experiment was not coupled to the 

generation of pyrite as initially proposed, and is the subject of much discussion elsewhere in 

the scientific community. The discussion serves to provide the basis for subsequent 

experiments in the chapter. 

Chapter 4 has a dual purpose. The first is to question whether hydrothermal systems 

could have been present in the Hadean and to attempt to unravel the mechanism by which 

modem or ancient vent fluids become acidic or alkaline and what makes vent-plumes black. 

This is achieved by experimenting with mixing a model seawater with mafic and ultramafic 

rock at various temperatures, Recent investigations indicate that perhaps they were abundant 

in the early oceanic crust (de Wit et al., 1982; de Ronde et ai., 1994; Appel et al., 2001). In 

addition to these questions, this chapter also incorporates the testing of the integrity of the 

geochemical modelling software by evaluating two different modelling codes (Geochemist's 

Workbench and EQ3/6) with the same data. The experiment also uses the modelling codes 
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to attempt to generate a fluid (from water-rock reactions) that resembles those sampled at 

hydrothermal vents. The author is not aware of previous work that has attempted to do this. 

Many researchers have based their research under conditions resembling the 

oxidation state imposed by mineral assemblages of the early crust, pyrrhotite/pyrite

magnetite (PPM) for example (Frost, 1985; Shock and Schulte, 1998; Hennet et aI., 1992). 

However, if native iron and nickel were present in the early crust (Ballhaus, 1995; Righter 

and Drake, 1997), it is possible that the overall oxidation state of the early crust could have 

been much more reduced (Kasting and Brown, 1998). In Chapter 5, in anticipation of 

calculations now and in future work to be performed using these lower oxidation states, 

various mineral assemblages are tested and their oxidation state evaluated at different 

temperatures. For example, mineral buffers that are relatively more reduced than those tested 

by these authors are also investigated, such as iron-wustite as Fe-FeO. 

Chapter 6 extended on work done by others (Amend and Shock 1998; Shock and 

Schulte, 1998; Schoonen et al., 1999; Hennet et al., 1992). Specifically, models of early 

hydrothermal systems were created to test the possibility that simple amino acids can exist in 

a hydrothermal fluid and to see how pH and redox conditions affect their distribution (ef. 

Amend and Shock, 1998). Although amino acid formation and stability in hydrothermal 

systems have been investigated by Shock and his co-workers, this thesis experiments further 

by attempting to model the actual condensation reactions of glycine to higher carbon number 

amino acids such as alanine, valine and leucine under hydrothermal conditions as shown 

experimentally by Ferris et al. (1996), and Imai et al. (1999). 

All experimental work in this thesis was performed using thermodynamic data 

available from the Lawrence Livermore National Laboratory, LLNL (Delaney and Lundeen, 

1990). This database (thermo.eom.v8.r6.full) is one of the most reliable with respect to its 

internal consistency of methods and thermodynamic variables used to obtain the data. 

Occasionally a smaller subset of the data is used with the GWB modelling software and will 

be referred to as thermo.dat. 
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Chapter 1. Introduction 

1.1 Introduction 

Oparin (1938) may be credited for providing the foundations for modem research 

pertaining to the phenomenon of Life. He proposed that Life resulted from a series of 

probable steps of increasing complexity, inevitably leading to the living state. His 

"materialistic" view was different. It was opposed to the "mechanistic" chance combination 

of the elements, or reductionism, which was popular during the earlier part of the 20th 

century, and instead incorporated the application of natural laws of physics and chemistry. 

Oparin described three stages for the evolutionary process: 

1. The development of a primary reducing atmosphere that promoted the 

formation of organic molecules. This stage was later endorsed by Bernal 

(1949, 1951) and Urey's (1952) discussion of available free energies and 

reducing atmospheres on the Early Earth, and seemingly substantiated by 

Miller's (1953) success in producing amino acids in a reducing atmosphere. 

2. The autotrophic formation of progressively complex organic substances as a 

result of condensation, polymerisation, and redox reactions assisted by the 

warm waters of the early oceans. Echoes of this idea may be seen in Pringle, 

(1953), Oberholzer et al. (1995), Russell and Hall, (1997), Schwartzman et 

al. (1994), Russell, Daia and Hall, (1998). 

3. The third stage, which could not be explained by the natural laws of physics 

and chemistry, required new laws - referring to the laws of biological factors 

such as Darwin's (1859) theory of natural selection, where "new systems of 

co-ordination of chemical processes appeared" and "which hitherto were 

entirely unthinkable" (Farley, 1977). 

To escape from the vague notions of spontaneous generation formulated in the 19
th 

century, Oparln presented this hypothetical sequence of key stages leading to the emergence 

of life for the purpose of providing a framework for future investigations. This ideology led 

to Miller's synthesis of amino acids in electric discharge experiments (1953) which was 

hailed as a major breakthrough. He had created simple organic molecules by simulating 

lightning in an atmosphere modelled on Urey's reduced atmospheric gases: hydrogen, 

methane, ammonia; and then water as his 'ocean' in which to collect the amino acids. 
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However, new findings began to contradict Urey's reducing atmosphere. Evidence from the 

presence of sulfates in 3.5 billion year old rocks from Western Pilbara, Australia (Schopf, 

1983; Walter, 1983; Rasmussen, 2000) show that these sulfates could not have formed 

without some oxygen-containing compound (such as sulfur dioxide and carbon dioxide) in 

the atmosphere. Volcanic outgassing during the early stages of the Earth's formation would 

have contributed large amounts of the carbon oxides, CO and/or C02, to the atmosphere 

(Kasting, 1993). Together, they predominated over methane. Any methane or ammonia 

present in the early atmosphere would have been dissociated by strong UV radiation 

(Kasting and Brown, 1998). Thus, it became generally accepted that the early atmosphere, 

although anoxic (lacking in oxygen), could not have been reducing but was probably mildly 

oxidised, consisting mainly of a mixture of carbon oxides and nitrogen rather than methane 

and ammonia. In addition, Miller's experiments with reduced atmospheric gases, with the 

ocean being the recipient of amino-acids, hinted that life initially thrived near the surface of 

the early earth. Such ideas were classed as organic 'soup' or broth'theories and were typical 

in that they did not explain how possible prebiotic molecules such as ammonia, and life itself 

would have been protected against strong UV radiation or several global catastrophic events 

such as heavy bombardment from meteorites and the consequent vaporisation of the oceans. 

Thus, the basic framework for future investigations had to be adjusted to consider the 

possibility of mildly oxidised conditions and environments that offered protection from 

impacts and solar radiation. A major advance in planetary science was made when in the 

1950s, sonar maps of the Atlantic seafloor showed the presence of an abyssal mid-ocean 

ridge (Heezen, Tharp and Ewing, 1959). Studies in magnetometry which led to the 

discovery of magnetic anomalies in rocks (Raff and Mason, 1961) and later, the symmetry of 

these anomalies on either side of the ocean-ridge systems (Vine and Matthews, 1963) 

contributed to advance the theory of plate tectonics (Morgan, 1968; Le Pichon, 1968). This 

important theory along with new advances in deep-sea submersible technology, led to the 

discovery of ocean-floor magmatic hydrothermal systems by oceanographer Jack Corliss and 

geochemist John Edmond. In 1977, during an expedition of the East Pacific Rise in the 

deep-sea submersible Alvin, their team came across fauna living independently of 

photosynthesis on the ocean floor, around the vents of hydrothermal systems. These vents 

were spewing out magmatically super-heated, acidic 'black' fluids up to temperatures of 

400°C, black because they were rich in iron sulfides. What was particularly surprising was 

that life was thriving in and around such extreme conditions. This led to Corliss's suggestion 

that the ocean floor was a potential site for the origin of life and with the absence of any link 

to photosynthesis here, he suggested that this ecosystem was somehow dependent on the 
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sulfides and a local energy source. Though not widely accepted at the time, his hypothesis 

was later strengthened by the discovery of fossilised hydrothermal systems. Fossilised flora 

and fauna similar to those surrounding present hydrothermal systems were discovered in the 

Carboniferous (360 rna) seafloor deposit at Silverrnines by Larter et ai. (1981), Boyce et ai. 

(1983), and also at Tynagh (Banks, 1985), both in Ireland. Fossilised tubeworms and giant 

clams of Silurian (430 rna) age, similar to those found around present day hydrothermal 

systems, were found in the Yaman Kasy volcanogenic massive sulfide (VMS) deposit in the 

Urals of Russia (Little, C. and Herrington, R., WWW, 1995). Add to this the evidence of a 

of 3.75 billion year old fossilised ocean floor spreading ridge-system discovered in Isua 

Greenland (Moorbath et ai., 1973; Appel et ai., 2001), and in the Barberton district (3.3 - 3.5 

Ga) in South Africa (de Wit et at., 1982) and the Corliss theory looked the more attractive. It 

is further supported by the fact that these hydrothermal systems were predominant on the 

young Earth. The basaltic pillow lavas found in Isua and Barberton provide indisputable 

evidence of an ocean floor spreading ridge system from the Archaean and the increased 

likelihood of early hydrothermal systems. Additionally, amongst these rocks in the 

Barberton district, there are what appear to be the fossilised remains of Archaean black 

smokers (de Wit et aI., 1982). 

Discoveries of bacteria and photosynthetic plant material, preserved or thriving in 

what were previously considered to be inhospitable conditions for life, have now become 

commonplace. Bacteria thrive at 113°C in hot sulfur springs in Yellowstone park (Stahl et 

ai., 1985; Stetter et ai., 1987) and in volcanic mudpools (Daniel, 1992). At other extreme 

conditions, bacteria and algae survive in sub-zero temperatures in the permafrost at the polar 

ice caps, Alaska, and in the Siberian Tundra, or in acidic or alkaline lakes or under lethal 

doses of ionizing radiation (Deinococcus radiodurans, Battista, et ai., 1999). They can also 

survive at great depths (Stevens and McKinley, 1995) and without the presence of UV light 

or oxygen. It is commonly known now that some anaerobic bacteria may rely on metabolic 

cycles incorporating iron and sulfur as electron donors/transporters or an energy source such 

as hydrogen, rather than organic carbon and photolytic energy, to synthesise key metabolites 

(Stevens and McKinley, 1995; Adams, 1992; Stetter et at., 1987). In many species, their 16s 

RNA assigns them to the lower branches of the 'evolutionary tree of life', (Woese et ai., 

1990). Thus, their close relatives are considered to be archaebacteria, mainly 

hyperthermophilic, or at least thermophilic organisms. New discoveries such as the 

methanogenic archaebacteria living at submarine hydrothermal sites at 100°C discovered by 

Huber et at. (1989), or the 3.5 Ga fossilised mud pools (a nutrient-rich haven for primitive 

bacteria?) found in the Barberton district, serve to further substantiate the claims for a hot 
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origin of life. The fact that life can persevere and be preserved under such depths and 

extreme conditions makes it conceivable that, once life was established, many global 

catastrophes in the early history of the Earth might not have 'sterilised'the planet. There 

have been claims that bacteria and algae have been reanimated from the meltwater of deep 

permafrost drill core samples, thought to date back to tens of thousands if not millions of 

years! 

After they found the submarine seeps at the Galapogos rift, Corliss and Edmond, his 

co-diver, calculated the fluids to have been 350°C on their trace element content. He and his 

co-workers published a hypothesis (Corliss et al., 1979), in which they suggest just how life 

may have originated in such a hostile environment. They indicated possible reaction zones 

for synthesis of organic molecules and their subsequent concentration within the black

smoker hydrothermal systems. However, it was argued (Miller and Bada, 1988) that since 

temperatures of black-smoker systems often approached 400°C, these high temperatures 

would destroy any complex organic compounds that might form in such an environment (an 

argument convincingly rejected in a thermodynamic study performed by Shock, 1990). 

Further investigations revealed that black-smokers represented just one type of submarine 

hydrothermal system. Away from the spreading mid-ocean ridges there were many smaller

scale vents and seepage sites. These were emanating fluids with a myriad of chemistries, but 

predominantly alkaline and somewhat cooler (4-150°C) than the 400°C black-smoker fluids. 

Russell et al. (1998) suggested that these lower-temperature seepage sites, which existed 

under more moderate conditions, might have been more favourable for life's beginnings as a 

reposte to the criticisms of Miller and Bada (1988). It was the discovery by Russell and his 

research students of what seemed like miniature pyrite vent chimney's in Ireland (Larter et 

al., 1981; Boyce et al. 1983), which led to the Russell-Hall hypothesis. Russell and Hall had 

made many other observations in the field, Russell as a mine geologist, and Hall, as an 

expert in mineralogy. They began to notice, as did many other geologists at that time, that 

the gap between life and its dependency on the mineralogical environment was ever 

decreasing. This naturally led them to believe that not only can geological studies provide 

insights into Earth's history, but perhaps to Life's history as well. Inspired by Corliss and 

his co-workers hypothesis, Russell and Hall began to evaluate possible geological 

mechanisms and reaction pathways for overcoming many of the hurdles that life would have 

had to face in establishing a foothold on Earth (Russell and Hall, 1997). 

A key feature of the Russell-Hall hypothesis is the spontaneous generation of an iron

sulfide film that may have had basic membranous properties (Chapter 3). Membranes offer 
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protection from the environment, such as the extreme dilution of newly formed organic 

molecules in the ocean. Closer examination of samples of modem-day hydrothermal vents 

(Baross and Hoffman, 1985) and examination of iron-sulfide structures prepared in 

laboratory simulations (Russell and Hall, 1997) of hydrothermal fluid and seawater mixing, 

revealed a honeycomb of small iron-sulfide 'compartments' where fluids might be 

exchanged. Organic molecules trapped within these compartments could have avoided 

dilution by the ocean and attain concentrations for biosynthesis of an organic membrane. 

The redox and catalytic properties of iron and sulfur are known to play a crucial role in 

biological reactions, for example in ferredoxins. Ferredoxins are a group of iron-sulfur 

enzymes present in lower animal forms, green plants and bacteria. They are proteins 

containing iron and sulfur, and function as electron carriers during photosynthesis, nitrogen 

fixation, or other oxidation-reduction reactions in biochemical processes (Russell et al., 

1989). Unlike the protein (heme) units involved in the transport of oxygen for anoxic life

forms, they have ligands in which the binding sites are sulfur atoms. With iron and sulfur 

having such a central metabolic role between energy and life in all life-forms, Russell and 

Hall (1997) suggested that these iron-sulfide 'compartments' might have been analogous to 

the first cell membranes. They may have formed the basis for the first metabolising cell, 

since all other requirements for life were, theoretically speaking, available locally. Using a 

combination of thermodynamic calculations and laboratory experiments, Russell and Hall set 

out to analyse the possible distribution of minerals, species, gases, and energy that might 

have been available from the early Earth's hydrothermal systems which in tum would 

promote the formation of such iron-sulfide membranes. Russell and Hall demonstrated in 

laboratory experiments that a pH gradient could be maintained between a hydrotheJ?lal fluid 

and seawater by a semi-permeable iron-sulfide barrier, while still allowing selective 

exchange of ions and molecules. They suggest that essential organic ingredients could have 

been similarly concentrated in hydrothermal iron-sulfide bubbles on the ocean floor of the 

early Earth, if interactions with the hydrosphere and atmosphere provided favourable 

conditions for the formation of organic molecules. Many scientists have stressed the 

importance of a cellular membrane structure prior to the establishment of a primitive 

metabolic cycle. 

Other materials and environments for the production of early membranes have also 

been proposed, for example, membranes composed of amphipathic lipids (Deamer, 1986), in 

which the R groups are fatty acids (CH3(CH2)nCOOH) bonded to glycerol (C3Hs(OHh by 

ester (R-COO-R) linkages (Brock et at., 1997). Presently, gene studies of early organisms 

have uncovered no evidence of lipid membranes in the early stages of life on Earth 
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(Wachtershauser, 1998). However, the lipids in Archea consist of isoprene R, groups 

(CHzC(CH3)CHCHz) bonded to glycerol by ether (R-O-R) linkages, possibly for increased 

protection from harsh environments. Thus, the detection of isoprene in microfossils in 

Archean rocks may function as an important biomarker (Michaelis and Albrecht, 1979; Hahn 

and Haug, 1986). Further support for lipids come from work by Allamandola et ai. (1997), 

who suggest an extraterrestrial source of organic molecules and membranes. They have 

made cellular membranes by simulating UV irradiation on interstellar ice, containing 

complex organic molecules typically found in space. 

The iron-sulfide membrane hypothesis is an idea that suggests that life originated 

from a water-rock reaction, which some at first may have found difficult to accept. Since 

Oparin's vision in the 1930s, the interdependence between Life and Earth processes is 

practically undisputed, and the Russell and Hall hypothesis has its roots in these processes. 

Russell and Hall's encouraging results in the iron-sulfide membrane experiments and the 

synthesis of simple organic molecules using iron-sulfide as a catalyst by others (Heinen and 

Lauwers, 1996, 1997; Huber and Wachtershauser, 1997) lends some weight to their 

hypothesis. Heinen and Lauwers (1997) generated hydrogen (~50 °C) and 50 nanomoles of 

organic sulfur compounds ~75 °C) such as thiols, of which 2.3% included dimethyldisulfide 

and CS2 from C02 (0.26 bar), HzS (1-lO ml) or HC} (1 ml), and in the presence of iron

sulfide (0.57 mmol) subjected to a range of temperatures under anoxic conditions and normal 

pressures. Huber and Wachtershauser (1997) reported the generation of biologically 

important organic molecules, such as acetate (CH3COO-) and thioester (CH3CO(SCH3» at 

lOO°C from basic raw materials (1 mmo! of Ni-Fe sulfides, 1 bar of CO and 100 Jll1101 

methyl thiol (CH3SH) at a yield of up to 40%. However, more repeatable evidence is still 

required. Whether the concentrations of CO used in Huber and Wachtershauser's 

experiments reflected the actual concentrations found in and around submarine hydrothermal 

systems is an issue that is still being debated (Schoonen et ai., 1999; de Duve and Miller, 

1991). Even if Wachtershauser's results are applicable, the synthesis of pyruvate in 

significant quantities (CH3(CO)20H) rather than activated acetic acid would have been the 

ultimate prize. With pyruvate, the energy requirements for initiating a primitive, 

autocatalytic metabolic cycle, akin to the reverse citric acid cycle, are subsequently lower. 

This objective was achieved recently by Cody et al. (2001) who reported small quantities of 

pyruvate as a by-product during experiments investigating the formation of decanoic acid 

(CH3(CHz)sCOOH). They used nonyl thiol (CH3(CHz)sSH) and powdered iron-sulfide as a 

catalyst. Formic acid (HCOOH) was used as a source of CO and water for the pyruvate to 
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form (and is more likely to have been present in higher concentrations at hydrothermal vents 

than CO (Pinto, 1980». Specifically, Cody et al. (2001) have shown that, when iron sulfide 

is subjected to high (250°C) temperatures such as those found at deep-sea hydrothermal 

vents, it will react with certain organic molecules to form mixed iron-sulfur-carbon 

(organometallic) compounds. These compounds were formed when mixtures of organic 

compounds and iron sulfide were subjected to temperatures of 250°C and pressures of 50, 

100, and 200 MPa to simulate hydrothermal conditions. These CO-bearing phases could 

have led to the formation of the metabolic enzymes known to contain active iron-sulfur 

centres. However, these results have just recently been released (Cody et aI., 200 1) and must 

be accepted with the usual caution. The formation of pyruvate could have been a by-product 

of the complex chemical derivitation techniques, or of contamination during the various 

stages involved, for example by the use of ethanol to wash the iron sulfide. 

1.2 Aims and objectives 

The geochemical history of the early earth has long been of great interest, but our 

knowledge of this previously elusive domain has been rapidly evolving with new advances 

in technology and discoveries in the physical and astronomical sciences, and this thesis 

attempts to help continue this trend. The feasibility of the hypothetical steps of early 

evolution (Russell and Hall, 1997) is tested using the geochemical modelling software 

packages Geochemist's Workbench (GWB; Bethke, 1988) and EQ3NRlEQ6 (Wolery, 

1992). The software utilises the LLNL thermodynamic database (Delaney and Lundeen, 

1990), thermo.com.v8.r6full, maintained and made freely available by the courtesy of Jim 

Johnson (Johnson et ai., 1992, and see §1.4) at the Lawrence Livermore National 

Laboratory (LLNL), and the GWB database thermo.dat (Bethke, 1998). 

Since submarine hydrothermal systems have become priority sites for investigation 

in future missions to other planetary bodies in the search for signs of Life (Holm, 1992), it is 

hoped that this work will further contribute to the understanding of the development, 

evolution and sustenance of the Earth's biosphere. This will provide us a priori with ideas 

of what geochemical processes may have occurred or are still occurring on other planets. In 

particular this research has the objectives to: 

(i) refine, develop and extend existing computational techniques to 

demonstrate convincingly, a continuity in the chemical processes between 

submarine oceanic hydrothermal systems on the early Earth and the life

sustaining metabolism of the most primitive prokaryotes (such as the 
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hyperthermophilic methanogens, and the iron and sulfate-reducing 

organisms). 

(ii) investigate the impact of early aqueous geochemistry on early evolution 

with respect to 'chemolithoautotrophic' (§2.l) metabolism. For example, by 

the nature and composition of the early crust, hydrothermal fluids, ocean, and 

atmosphere. 

(iii) help understand life's processes through the generation of explanatory 

diagrams. 

(iv) use the software packages OWB and EQ3NRlEQ6 to model, understand, 

explain, and demonstrate relevant geochemical processes related to energy 

transfer and dissipation on the early abiogenic Earth. In particular the 

software will be used to: 

a) model possible geochemical processes 

b) provide geochemical diagrams 

c) compare the results from the thermodynamic databases with the 

calculated and experimental results obtained by other researchers. 

(v) update and extend the thermodynamic databases to include other minerals, 

gases, and perhaps biochemical molecules in addition to simple inorganic and 

organic complexes. 

(vi) since the basic elemental requirements for life are known to involve 

carbon, hydrogen, oxygen, iron, nickel, sulfur, nitrogen, and phosphorous, we 

use this chemical system C-H-O-Fe-Ni-S-N-P as the basis of the 

computational geochemistry. These elements play crucial roles in the 

formation of prebiotic compounds and in some biological reactions. 

Examples of the roles of these compounds are as follows: 

hydrogen - for energy, and underpinning electrons in redox reactions 
sulfur - for PeS in ferredoxins, amino acids, Co-enzyme A 
iron - for FeS in ferredoxins, valence change for electron transfer, catalytic 
surface 
carbon - CO/C02, and for versatile C-C bonding for organic molecules 
HCN/NH3 - for amino and nucleic acids 
phosphorus - for phosphates 
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nickel - for catalytic properties 

Phosphorus in the form of pyrophosphate, is more important in the latter stages of chemical 

evolution in phosphorylation, the ATP/ADP reaction, and the formation of nucleic acids. It 

is not included in the chemistry or calculations examined here, (though see Russell and Hall 

(1997) for more on the role of pyrophosphate in their hypothesis). Phosphates were probably 

widespread on the early earth, as indicated from their ubiquitous presence in early rocks, and 

are found in gases sampled from present-day volcanic regions (Yamagata et al., 1991). 

Phosphate availability is not considered as a major problem in geochemical studies 

It can be gathered from this discussion that one of the major aims of this research is 

to model, test, and provide theoretical evidence for the hypothesis by Russell and Hall 

(1997). In particular, evidence is required that after the interaction between seawater and 

crust, the resultant hydrothermal fluid, should approach equilibrium with its surrounding 

environment, be alkaline, rich in sulfur, and carry traces of organic molecules. During the 

course of this research, some of the questions listed below, though not tackled individually, 

are addressed or incorporated into the final thesis. 

(i) How did the chemistry of Hadean ocean water assist the onset of life on 

the early Earth? 

(ii) What were the range of chemistries of seafloor springs and what was their 

potential role in the origin of life? 

(iii) What inorganic processes were adopted as biochemical processes? 

(iv) How did pH and redox energy potentials in the ambient environment lead 

to intermediaries in energy transfer processes? 

(v) Can progression from inorganic geochemistry through organic 

geochemistry to simple organic biochemistry be incorporated usefully into 

computer packages for geochemistry? 

1.3 Variables and terms used in geochemical modelling 

The fundamentals underlying some of the variables and terms used for measurements 

in this thesis are provided (Polya, D. pers. comm.; Moore, WWW, 2001; Wolery, 1992; 

Bethke, 1996), 
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1.3.1 Activity 

The activity (a) represents the chemical activity of an aqueous species. Activities are 

often used instead of concentrations in geochemistry because standard Gibbs free energies of 

ions measured or extrapolated to infinite dilutions may be substantially different from Gibb's 

free energies for the same ions in ionic solutions due to the strong influence of electrostatic 

shielding. This shielding effect is important in influencing the ion's ability to dissolve or be 

precipitated out of water as a mineral. The symbol for activity is a, and for concentration is 

M (moles per litre of water) but square brackets, for example [Fe2+], which conventionally 

denote concentration, or curly brackets {Fe2+}, are commonly used to represent the activity 

of an ion in water. In addition, activity coefficients (y) are a mathematical correction that can 

be used to convert concentration to activity or vice versa. Values of this coefficient range 

from 0 to I, and its relationship with molality (m, moles per kilogram of water) is such that 

as m - 0, y -+ 1. In other words, as the concentration of an ion in solution decreases, the 

value of the activity coefficient tends towards one. Since the majority of the modelling in 

this thesis will be based on dilute solutions, molarities can be used (where lkg of water is 

assumed to be equivalent to 1 L of solution) without introducing significant error. Activity is 

assumed to be numerically equal to fugacity except that activity is dimensionless whereas f 
has units of pressure, for example, bars or atmospheres (Greenwood, 1977). 

1.3.2 Fugacity 

Similar in purpose to activity, fugacity (f) functions as an effective substitute for 

pressure, to allow a real gas system to be considered by the same equations that apply to an 

ideal gas (Fletcher, 1993; p 131). The fugacity is related to the change in chemical potential 

(P) of species i from its standard state (po), so that for any gas or gas mixture: 

where R is the gas constant and T is the temperature (Greenwood, 1997). 

1.3.3 pH 

pH (Sorenson, 1909) is a measure of H30+ activity (H30+ is the hydrated proton). 

However, H30+ is commonly written as H+ since it is generally understood that H+ is 

hydrated, just as all other dissolved ions are hydrated. 
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H (H20t n, n is large 

The pH is defined as the negative base ten logarithm of the hydrogen ion activity expressed 

as moles per litre. 

(1.1) 

The pH is especially important to the mobility of metals, and many biochemical reactions. It 

is not a simple solubility effect in most cases. Adsorption-desorption equilibria are also 

important. 

1.3.4 Eh, EO, pe, AG, Keq, and Q 

The Eh is a measure of the activity of electrons in redox reactions. This free energy 

(in kllmol) can be converted to an electrical potential, f!1 (V), by the equation 

Ilcf = - nFf!1 (1.2) 

where Ilcf is the molar free energy of the reaction under standard temperature and pressure 

(STP, standard conditions imply 1 M concentrations of all reactants at one atmosphere 

pressure and at 25°C). f!1 is referred to as the standard electromotive force or standard 

potential of the reaction and is measured in volts (V). If a reaction proceeds forward 

spontaneously, IlG is negative (the system gives up energy or does work), and E is positive. 

F is the Faraday constant, 96.42 klN gram equivalent (or 96487 coulombs/equivalent), and 

n is the number of equivalents (mols of electrons) involved in a reaction. 

( 1.3) 

The pe value is analogous to pH. The quantity {e-} is the electron activity. pe and Eh are 

easily convertible parameters that describe the redox state of a reaction. Many reaction 

equilibria can be described in terms of the sum of pH and pe. 

IlG is the free energy under non-standard conditions, and E (or Eh) the electromotive force 

of the reaction, and 

IlG=-nFE 

For a chemical reaction that can be written as: 

aA+bB ~ cC+dD 
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or (1.6) 

where a, b, c, and d represent the number of moles of reactants and products, and A, B, C, 

and D represent the reactants and products, the equilibrium constant Keq for that reaction may 

Q = {C}{D} 
{A} {E} (1.7) 

be derived either by the activity or concentration, as shown in Equation 1.6: where {} is the 

activity or [] the concentration of a chemical species. Under non-equilibrium conditions, the 

equilibrium constant expression is defined as Q: The value of ilG under non-standard 

conditions (different concentrations, different temperatures) can be calculated by the 

expression 

ilG = ild + RTlnQ (1.8) 

where R is the gas constant (8.3143 J Kelvin- l mor l
) and T is the absolute temperature (in 

Kelvin). At equilibrium, ilG = 0 and Q = K, so the expression reduces to 

ilG=-RTlnK (1.9) 

This means that the equilibrium constant can be calculated from the free energy of the 

reaction, or vice versa (Equation 1.10). Since the redox potential of the reaction can be 

calculated from the free energy, this means that it is possible to calculate Eh if If is known: 

o RT 
Eh=E --lnQ 

nF 

Many redox potentials are calculated using half reactions, for example, 

If= -0.771 V 

and, 

If= -1.229V 

( 1.10) 

(1.11) 

( 1.12) 

The rules for manipulating these equations are fairly simple: if an equation is written 

backwards, the sign of the potential changes. If the entire equation is multiplied by a 

constant (for example, if everything is doubled), the potential is unchanged. This is because 

the units are volts - joules per coulomb - so doubling the coulombs does not change the volts. 
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In other words, the voltage for a one atom reaction, or a many atom reaction, is the same. 

Thus the If for a half-reaction is independent of concentration. The half-reactions above can 

be combined to get the reaction potential for the oxidation of Fe2+ to Fe3+ by oxygen in acid 

solution. First, the equation for the iron half-reaction is doubled: 

If= -0.771 V (1.13) 

Then oxygen half-reaction equation is reversed and halved: 

If= + 1.229 V (1.14) 

Combining the two gi ves, 

F!= + 0.458 V (1.15) 

Note that this relationship is valid at 1 atmosphere oxygen pressure and at pH 0 (1 M acid). 

Half-reaction redox potentials are listed in tables in various chemistry handbooks. There is 

another application for the half-reaction. If a half-reaction is considered as a complete 

reaction, with the electron as a solute, it can be worked out what (fictitious) electron activity 

corresponds to a given Eh. Considering the iron half-reaction again, and writing it as an 

oxidation: 

F!= -0.771 V ( 1.16) 

Assuming that Fe2+ and Fe3+ are at unit concentrations and that the electron activity is 

sufficient to keep the system at equilibrium (so If' = 0 when pe = peo). Then 

( 1.17) 

Converting to base 10 logarithms, 

( 1.18) 
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As an example, if T = 10°C (= 283 K) then, 

Eh = -0.0561510glO {e-} = 0.05615 pe ( 1.19) 

if Eh is expressed in volts (note that the Fe2+ and Fe3+ activities cancel out), or 

pe = 17.81 Eh (1.20) 

at 10 °C. More generally, 

pe = (5040.111) Eh (1.21) 

Eh is customarily measured using a platinum electrode. It only measures voltages that are 

generated by chemical species that react readily on the platinum surface. Eh refers to a 

specific reaction. When referring to "system Eh" it is assumed that all potential reactions are 

at equilibrium. Except in a few simple systems at low pH, this is generally not true. Thus, 

"system Eh" is term that should be used carefully (Moore, WWW, 2001; W01ery, 1992, p26; 

Bethke, 1996, pI 00). 

1.4 Introduction to geochemical modelling 

Though based on a technique that has been established for nearly a century, 

geochemical modelling has its opponents as well as its adherents. It is understandable that 

some scientists working laboriously to make direct measurements of chemical and physical 

phenomena in their laboratories find it difficult to see their hard earned data used not merely 

to interpolate but also in extrapolations far from the data points. Indeed, this author would 

probably have had leanings towards the latter critical group had he not been intrigued by this 

theoretical method of research. How was it possible, given the current technology, that a 

computer program could be used to model chemical and physical processes as complex as 

those that led to life? Surely even the latest number-crunching installation by mM at the 

world's largest supercomputing facility, currently at the Lawrence Livermore National 

Laboratory (LLNL) in the USA, could not answer such a question? Recollections of a 

similar scenario in Douglas Adams (1979) science fiction comedy novel 'The Hitchhikers 

Guide to the Galaxy' could not help but spring to mind. Here, a supercomputer posed with 

such a question produces a unexpected and meaningless result after several centuries of 

calculations, hinting that the original query was too general and perhaps should have been 

more specific. However in reality, the approach could be much more simple. Geochemical 

modelling codes utilise many standard techniques already used in chemical laboratories 

when experimental data is unavailable or direct measurements are impossible. In these 
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laboratories, techniques such as thennodynamic equilibrium calculations, extrapolation, 

approximation, and simplification, are used with care and serve as supplementary tools for 

the investigator. This is also how the codes must also be utilised, since they offer similar 

tools to the geochemist. The diagrams produced by such programs are useful in that they 

provide a quick overview of the relative stability of species, minerals or gases present in an 

unfamiliar system (in this case, environments on the early Earth, but equally applicable to 

other planets). In contrast to the comic novel mentioned above, a difficult task such as to 

explain the origins of Life, is broken down into many smaller problems - ones that can be 

tackled within one lifetime! 

The high pressures, relatively high temperatures and slow reaction-rates of geological 

processes have always inhibited or limited direct observations in the field and also in 

simulations in laboratory experiments. For the geochemist, a method is required to simulate 

aqueous processes in the crust and mantle, and eqUilibrium thennodynamic theory is 

possibly the only available recourse. However, this method often involved the computation 

of a large number of iterations of thennodynamic chemical equations to find the equilibrium 

state of a geochemical system. Therefore, it was deemed impractical to apply the theory to 

chemical processes in complex aqueous solutions such as those found in nature. Reductions 

in computation time became possible thanks to advances in semiconductor technology. 

Since the 1960s, the efforts of several scientists (Garrels and Mackenzie, 1967; Helgeson, 

1968; Helgeson et at., 1969; and Wolery, 1979) have paved the way for thennodynamic 

equlilibrium theory to be applied to geochemical systems. Their expertise in equilibrium 

thennodynamics, coupled with the new digital technology, produced software that was 

particularly useful in allowing investigations into complex aqueous solutions. 

Thennodynamic calculations that were previously too large to calculate manually could now 

be perfonned on a computer in a few minutes or days rather than months and years. Today, 

there are several software applications for modelling reactions between minerals and 

molecular species in aqueous solutions. The ease with which the user can create the 

necessary models is also an important factor in their widespread use today in many industries 

and in agencies that have an interest in the environment. 

In general, geochemical modelling codes are based on the laws of equilibrium and 

thennodynamics, so their individuality and suitability for a particular task is often dependent 

on the thermodynamic data, and the equations that can be used for the calculations. Some 

thennodynamic databases are available freely (Delaney and Lundeen, 1990). Certain 

databases are suitable for dilute, low-temperature aqueous geochemical modelling, while 
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some others are better suited for modelling concentrated brine solutions. The quality of the 

results obtained using a particular database are determined by the consistency of the data 

entered into the database, with respect to the equations used to calculate data, 

thermodynamic laws, units, definitions, standard states, fundamental constants and 

experimental measurements (Fletcher, 1993). However, the quality of the results obtained 

from a particular modelling package are also determined by the choice and efficiency of the 

mathematical methods, equations and of algorithms that are used in the program code. 

The thermodynamic databases consist of values for the chemical and physical 

properties of minerals, elements, aqueous species, and gases, over various temperatures and 

pressures. Examples of the type of data and its input format in the LLNL database are 

presented below. Which of these chemical or physical components and their corresponding 

values are selected for manipulation by the program depends on the chemical system or 

process to be modelled and is of course determined by the user. An input file for the 

modelling program is created, which contains (constrains) the initial concentrations or 

pressures of the key phases in the system to be evaluated. The input file also specifies any 

reactants that are to be added or any other changes that are to be made to the original system 

over the course of the reaction. The file may also specify numerous other options. For 

example, whether the system to be modelled is an open or closed thermodynamic system, or 

a variable such as pH is to be held constant during the reaction 

Excerpts from the LLNL database are given below, in the 'header' block (Figure 

1.1), note the pressures that are used at each temperature. These values for pressure 

correspond to the boiling curve of water at each temperature (O.OlOoC to 300°C, see Figure 

C, Appendix lA). However, intermediate values of temperatures, pressures, coefficients and 

equilibrium constants can be interpolated from the existing data by the modelling program. 

Next, the activity coefficients for each temperature are listed for three variations of the 

Debye-Htickel equation (Helgeson and Kirkham, 1974b; Wolery, 1992, p38; Bethke, 1996, 

pl08). Note that lines marked with an asterisk in the database below signify a comment or 

other information for the user. This information may be a heading, comment, or a reference 

to the source of the data or the values of thermodynamic variables used to calculate 

equilibrium constants or other data. The information contained within these lines is not used 

nor required for the program to run. 

There are currently 81 elements listed in the 'elements' block (Fig 1.2), and it is 

possible to add more using the format below. The modelling program will use these values 

for mass balance calculations for the geochemical system under investigation. 
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The next block of data is the set of species called the basis species, that is, the 

minimum set of species required to build the progressively more complex chemical 

molecules. This block (Figure 1.3), must contain the minimal data required for each species. 

Note the reference sources of the data (e.g. 92joh/oe1) and the values for key 

thermodynamic variables such as the standard free energy of formation, ~Gi(de1GOf). For 

an explanation of the fundamental variables mentioned below, such as Eh, pe, and pH, see 

§1.3. 

Next, in the 'redox couples' block (Figure 1.4), species are included that may have a 

redox relation with a basis species. In the example below HS- would normally be coupled 

with S042
- from the 'basis species' block. Similarly, acetic acid is coupled with He03-. 

Sometimes it is necessary to model environments where there is no redox interaction 

between common redox couples, and both the GWB and EQ3NRlEQ6 programs can 

simulate this by allowing the coupling to be disabled. 

Header 
dataset of thermodynamic data for gwb programs 
dataset format: oct94 
activity model: debye-hucke1 
* THERMODYNAMIC DATABASE: thermo.com.V8.R6.fu11 
* generated by GEMBOCHS.V2-Jewel.src.R6 03-dec-1996 16:55:04 
* Output package: gwb 
* Data set: com 

* temperatures 
0.0100 25.0000 60.0000 100.0000 
150.0000 200.0000 250.0000 300.0000 
* pressures 
1.0132 1. 0132 1.0132 1. 0132 
4.7572 15.5365 39.7365 85.8378 
* debye huckel a (adh) 
0.4939 0.5114 0.5465 0.5995 
0.6855 0.7994 0.9593 1.2180 
* debye hucke1 b (bdh) 
0_3253 0.3288 0.3346 0.3421 
0.3525 0.3639 0.3766 0.3925 
* bdot 
0.0374 0.0410 0.0440 0.0460 
0.0470 0.0470 0.0340 0.0000 

Figure 1.1. Excerpt from the 'thermo. com V8.R6.fuU' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Header' block. 
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Oxygen 
Silver 
Aluminum 

(0 ) 
(Ag) 
(AI) 

Elements 
mole wt.= 15.9994 
mole wt.= 107.8682 
mole wt.= 26.9815 

Figure 1.2. Excerpt from the 'thermo. com. V8.R6.fuU' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Elements' block. 

The 'aqueous species' block (Figure 1.5), contains thermodynamic data for organic 

and inorganic aqueous species and also for potentially useful prebiotic reactants such as 

amino acids such as glycine or isoleucine (Figure 1.5). The next two blocks of data, 

'minerals' (Figure 1.6) and 'gases' (Figure 1.7), similarly contain the appropriate data. 

The last block (Figure 1.8.), lists the references for various sources of the thermodynamic 

data. At the top of each reference is the corresponding code that is referenced throughout 

the database. 

Fe++ 
1.0000 Fe charge= 2.0 

55.8470 g 
1 elements in species 

Basis species 

ion size= 6.0 A 

* gflag = 1 [reported delGOf used] 
* extrapolation algorithm: supcrt92 [92joh/oel] 
* reference-state data source = 88sho/hel 
* delGOf = -21.870 kcal/mol 
* delHOf = -22.050 kcal/mol 
* SOPrTr = -25.300 cal/(mol*K) 

Mo04--

mole wt.= 

charge= -2.0 ion size= 4.5 A mole wt.= 159.9376 g 
2 elements in species 

1.0000 Mo 4.0000 0 
* gflag = 1 [reported delGOf used] 
* extrapolation algorithm: supcrt92 [92joh/oel] 
* reference-state data source = 88sho/hel 
* delGOf = -199.900 kcal/mol 
* delHOf = -238.500 kcal/mol 
* SOPrTr = 6.500 cal/(mol*K) 

Figure 1.3. Excerpt from the 'thermo. com. V8.R6.full' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Basis Species' block. 
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HS-
Redox couples 

charge= -1.0 ion size= 3.5 A mole wt.= 
3 species in reaction 

-2.000002(aq) 1.0000 H+ 1.0000 S04--

* 
* 
* 
* 
* 
* 

152.0993 138.3169 122.1371 107.0295 
91.7855 79.4025 69.0257 60.0062 

gflag = 1 [reported delGOf used] 
extrapolation algorithm: supcrt92 [92joh/oel] 
reference-state data source = 88sho/hel 

delGOf = 2.860 kcal/mol 
delHOf = -3.850 kcal/mol 
SOPrTr = 16.300 cal/{mol*K) 

33.0739 9 

Figure 1.4. Excerpt from the 'thermo. com. V8.R6.full' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Redox Couples' block. 

Aqueous Species 
Glycine (aq) 

4.1510 
0.9029 

3.7266 
-0.1736 

2.9573 
-1.1974 

* gflag = 1 [reported delGOf used] 

2.0325 
-2.1632 

* extrapolation algorithm: supcrt92 [92joh/oel] 
* reference-state data source = 95sho/kor 
* delGOf = -156.477 kcal/mol 
* delHOf = -221.770 kcal/mol 
* SOPrTr 63.000 cal/{mol*K) 

Isoleucine (aq) 
* formula= C6H13N02 

charge= 0.0 ion size= 3.0 A mole wt.= 131.1748 9 
4 species in reaction 

-3.000002{aq) -2.0000 NH3{aq) 2.0000 H20 
3.0000 Glycine (aq) 

237.4093 217.0619 193.1630 170.8251 
148.2796 130.0056 114.8020 101.8250 

* gflag = 1 [reported delGOf used] 
* extrapolation algorithm: supcrt92 [92joh/oel] 
* reference-state data source = 90sho/hel 
* delGOf = -82.200 kcal/mol 

Figure 1.5. Excerpt from the 'thermo. com. V8.R6.full' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Aqueous Species' block. 
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Minerals 

Magnetite type=oxide 

* 
* 
* 
* 
* 
* 

formula= Fe304 
mole vol.= 44.524 cc 
4 species in reaction 

-8.0000 H+ 
4.0000 H20 

mole wt.= 231.5386 g 

1. 0000 Fe++ 

13.8989 10.4724 6.4420 2.6912 
-9.9523 -1.1245 -4.3319 -7.2074 

gflag = 1 [reported delGOf used] 
extrapolation algorithm: supcrt92 [92joh/oel] 
reference-state data source = 78hel/del 

delGOf -242.574 kcal/mo1 
delHOf = -267.250 kcal/mol 
SOPrTr = 34.830 cal/(mol*K) 

2.0000 Fe+++ 

Figure 1.6. Excerpt from the 'thermo. com V8.R6.full' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Minerals' block. 

Gases 
H2(g) 

mole wt.= 2.0159 g 
2 species in reaction 

-0.5000 02(aq) 1.0000 H20 
47.4693 43.0016 37.8323 33.0786 
28.3653 24.6162 21.5521 18.9808 

* gflag = 1 [reported delGOf used] 
* extrapolation algorithm: supcrt92 [92joh/oel] 
* reference-state data source = 82wag/eva 
* delGOf = 0.000 kcal/mo1 
* delHOf = 0.000 kcal/mol 
* SOPrTr = 31.234 cal/(mol*K) 

Figure 1.7. Excerpt from the 'thermo. com V8.R6.full' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'Gases' block. 

References 
92joh/oel 
Johnson, J.W., Oelkers, E.H., and Helgeson, H.C., 1992, SUPCRT92: A 
software package for calculating the standard molal thermodynamic 
properties of minerals, gases, aqueous species, and reactions from 1 
to 5000 bar and 0 to 1000degC: Computers Geosci., 18, 899-947. 

Figure 1.S. Excerpt from the 'thermo. com. V8.R6.full' thermodynamic database maintained by the 

Lawrence Livermore National Laboratory (LLNL) showing the 'References' block. 

However, the GWB program has the advantage in that it is significantly easier to use 

and produces graphical output in the form of plots and, if required, textual output in the form 

of tables. The EQ3NRlEQ6 program requires more skill and patience, and displays the 
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results as text only. Both of these modelling programs are largely based on original work of 

Helgeson (mentioned above) and use many of the same thermodynamic calculations. The 

following description is a very simplistic and general explanation of the key steps and the 

chemical and mathematical equations used by the programs in determining the equilibrium 

state of a geochemical system. For a comprehensive analysis of the theoretical concepts 

behind the programs, refer to Wolery (1992), Wolery and Daveler, (1992) and Bethke 

(1996). It should be noted here that the user should understand the theoretical concepts 

involved in the running of the program but need only provide sensible input constraints for 

the calculations to proceed to completion. After reading the input file, the program identifies 

balanced chemical equations for each independent reaction that takes place in the system 

being modelled. Accordingly, the program ensures that the law of the conservation of matter 

is adhered to, by incorporating a facility for mass balance calculations in the code. The law 

of neutrality of electrolytic solutions is also maintained, by balancing the charges of all the 

aqueous species involved in the model. Adjusted concentrations, activity coefficients and 

associated equilibrium constants of all species and reactions present in the geochemical 

system are also determined. Depending on the nature of the solution to be modelled, the 

computed activity coefficients are incorporated into various forms of the Debye~Htickel 

equation (Helgeson and Kirkham, 1974a, 1974b) for dilute aqueous solutions or the Pitzer 

equation for highly concentrated brine solutions. The thermodynamic data can then be used 

to evaluate the saturation indices (Sl) of various minerals to predict precipitation of the 

minerals out of aqueous solutions (Wotery, 1992; Bethke, 1996). 

SI= log QIK (1.22) 

Here, Q is the activity product of the aqueous species in the reaction and K the equilibrium 

constant the reaction at a certain temperature. Thermodynamic affinities (A), the measure of 

the driving force of each reaction (A), are also evaluated, where R is the gas constant and T 

the absolute temperature. 

A = ~2.303 RT log QIK (1.23) 

In reactions that involve a redox aspect, Eh, pe, oxygen activity, and redox affinity (Ah) are 

also computed (Wolery, 1992, p31). The fugacities of any gaseous phases with respect to the 

initial equilibrium state of the fluid are also calculated. 

So far, the preceding steps serve only to determine the primary equations (or more 

commonly known as the governing equations) required to solve the initial eqUilibrium state 
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of an aqueous solution. Some of the unknowns in the governing equations however exhibit 

exponential properties and therefore simple linear algebra will not suffice to provide a 

solution. An appropriate method is required to solve them, and by far the best way to 

approach a solution is to use a well-known iterative numerical method known as the 

Newton-Raphson approximation equation (Wolery, 1992, p171; Bethke, 1996, p61). 

However, this technique requires that the unknowns be initially calculated to within an order 

of magnitude to the mathematical solution. Therefore, prior to running the main calculation 

a method known as Newton's method (or pre-Newton-Raphson optimisation) is employed to 

satisfy this requirement. Any discrepancies that arise as a result of the calculations are 

corrected at the end of each iteration of the optimisation procedure. Such discrepancies may 

be in the value of the activity coefficients of aqueous species or of the charge balance of the 

aqueous solution or in the mass of minerals. Once the Newton-Raphson calculation 

converges to a solution, the bulk composition of the system can be calculated according to 

the mass balance equations for the reactions involved in the model. Finally, any minerals 

that become undersaturated during the iterative process can be identified by a negative SI in 

the program output A negative value for the SI indicates that the mineral was consumed 

during the reaction. Undersatured minerals are removed from the system one at a time. On 

each removal, the iterative process is restarted with the next most appropriate aqueous 

species, this secondary species (which must be present in a sufficient concentration to allow 

the iteration process to continue) is swapped into the calculation. When there are no 

undersaturated minerals left, the most supersaturated minerals are added back into the 

calculation and the iteration is restarted. When there is no undersaturated or supersaturated 

mineral remaining, the final equilibrium state in terms of the minerals, aqueous species and 

gases remaining in the system is solved. 

1.5 The Geochemist's Workbench and the EQ3NRlEQ6 modelling 

software 

In this study, it is predominantly the Geochemist's workbench (GWB) program that 

is used to create environmental models. In Chapter 4 however, the EQ3NRlEQ6 code is 

used for comparison of results with GWB. Results are regularly compared to those obtained 

by others using the SUPCRT92 code (Johnson et al., 1992). 

Within the GWB package there are several subprograms (ACT2, REACT, TACT, 

RXN, GTPLOT). The ACT2 subprogram is used to generate activity-activity (Figure 1.11) 

or activity-fugacity diagrams, which show the distribution of components in a simulated 

environmental system with respect to their activities or fugacities. In the default settings of 
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the GWB programs, the oxidation state is calculated by the amount of dissolved oxygen 

02(aq) in the fluid. Likewise, the pH is a variable dependent on the amount of H+ ions present 

in the fluid, and to satisfy the law of charge balance in electrolytic solutions, the program 

corrects any imbalance with cr ions. 

These variables are set by default but the user can alter these settings. For example, 

to display the various oxidation states of iron in terms of the redox potential (Eh), the user 

can add a trace of iron to water and then substitute the activity of dissolved oxygen, 02(aq), 

with the activity of electrons e- (Figure 1.9, line 2). In nature, and accordingly in the ACT2 

program, there are other ways that the overall oxidation state of a geochemical system can be 

influenced. For example, we could use the activity of a redox pair such as HS- and solo. 
However, in an anoxic environmental model it is more appropriate to use H2 fugacity as a 

redox variable to measure relative oxidation state than it is to use Eh or 02(aq),' Examples 

and the logic of using this approach can be found in Eckstrand (1975), Shock (1992a), and 

Schoonen et al. (1999). 

Another subprogram within GWB, REACT, is used for reaction modelling. REACT 

calculates the initial and final equilibrium states of a geochemical system and helps to 

determine the route taken (reaction path) between the two (Figure 1.12). Reaction paths can 

reflect various changes to the system; the addition or the removal of components, 

temperature gradients, or fugacity gradients. The program's facility to combine reaction path 

diagrams with activity-activity or activity-fugacity diagrams allows the user to evaluate the 

distribution of components within a geochemical system that results from each change to the 

system. This composite diagram (Figure 1.18) also gives a view of the system from which 

we can follow the change to the redox properties of the simulated environment. The results 

are determined by the nature and value of the environmental constraints set by the user for a 

proposed model (Figure 1.9), and by the laws of eqUilibrium thermodynamics. 

For the majority of the research, the LLNL database thermo. com. V8.R6juli is used, 

and occasionally for convenience, a smaller version thermo.dat. As stated above, the GWB 

subprograms use the databases to populate and maintain a set of aqueous chemical species. 

These are listed at the beginning of the database file and GWB uses these 'basis' species to 

write chemical reactions when modelling a geochemical system. This set of species can be 

altered by the user to reflect the chemical environment to be simulated in a model by 

substituting other aqueous species, minerals, or gases for entries in the original set (Figure 

1.9, line 2). Note that in all the GWB programs, unless otherwise specified by the user, the 
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temperature by default is 25°C and the mass of water is 1kg. The program script below (Fig 

1.9) demonstrates an example of an input file for the GWB ACT2 program. 

ACT2 input script for Figure 1.11 
1. data = thermo.dat 
2. swap e- for 02 (aq) 
3. diagram Fe++ on Eh vs pH 
4. log activity main = -6 
5. log activity Si02(aq) = -6 
6. x-axis from 0 to 14 increment 1 
7. y-axis from -1 to 1.5 increment .25 
8. suppress FeO(c) 

Figure 1.9. Example GWB input file for the program ACT2 (Bethke, 1998) which generates activity

activity diagrams (see Figure 1.11). 

Line 1 determines the thermodynamic database to be used. 

Line 2 specifies that oxidation state is to be represented by the concentration of electrons in 

the system in volts, better known as the Eh. 

Line 3 instructs the program to plot the distribution of Fe2+ species on an Eh-pH (Pourbaix, 

1949) diagram (Krauskopf, 1967). 

Line 4 sets the total activity of Fe2+ at 10-6• This low value is used because the 

thermodynamic dataset (thermo.com.v8.r6.fulI) is valid for dilute aqueous solutions only. 

Line 5 sets the total activity of Si02(aq) at 10-6• This value also complies with the 

requirement for low concentrations. 

Lines 6 and 7 constrain the ranges of pH and Eh respectively to be shown on the plot. Note 

that the ACT2 diagram produced from this code will incorporate a wide range of pH (0-14) 

and oxidation states (-1 to 1.5 volts) for theoretical waters (environments). 

Line 8 shows how it is possible to easily suppress species that are known not to form under 

certain conditions, in this case FeO(e)' 

Although similar to the ACT2 script, the REACT script (Figure 1.10) demonstrates how it is 

possible to easily constrain the oxygen availability to resemble an anoxic environment (line 

3). Charge balancing the aqueous solution with H+ (line 6) will help to demonstrate the 

sensitivity of the system to pH. Finally, line 7 specifies the type of change that is to be 

imposed on the geochemical system, in this case the addition of 1 millimole of fayalite. 
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REACT input script for Figures 1.12 tol.17 

1. data = thermo.com.vS.r6.full 
2. swap 02(g) for 02 (aq) 
3. fugacity 02(g) = 1e-40 
4. total mmol Fe++ = le-6 
5. total mmol Si02(aq) = 1e-6 
6. balance on H+ 
7. react 1 mmol of Fayalite 
S. suppress FeO(c) 

Figure 1.10. Example GWB input file for the program REACT (Bethke. 1998), 

REACT (Bethke, 1998), allows modelling of the path taken by a reaction (reaction-path, see 

Figure 1.12). Reaction-paths reflect various changes to the system; the addition or the 

removal of components, temperature gradients, or fugacity gradients. 

1.6 Interpretation of modelling results 

Environmental systems are governed by many redox reactions that are rarely at 

equilibrium, but the results presented from Pourbaix (1949) diagrams (Eh-pH) are 

equilibrated values. This means that important components that exist in an intermediate state 

(out-oj-equilibrium or metastable) in an environmental system may not be represented in the 

results and may be missed altogether. A good example is nitrogen, which can exist in 

various thermodynamically stable forms such as nitrogen N2, ammonia NH3, ammonium 

NH/, and nitrate N03·. It is well known that natural waters and soils contain organisms that 

produce the metastable species nitrite, NOz". However, in a Pourbaix diagram representing 

the stable phases of nitrogen, nitrite would not have a stability field. 

In contemplating whether the resulting plot can represent natural processes, it is 

realised that any environmental factors not considered will influence the validity of the 

diagram to a greater or lesser extent. With the major components and environmental factors 

identified and included in the script, the plot should suggest the forms of iron that might be 

found in different redox environments in nature. However, from field experience and with 

background knowledge and reasoning, we can also argue that certain products would not be 

formed as predicted by the results (such as FeO(c) above), especially in cases where the 

model is oversimplified for the purposes of clarity and discussion. 

Additionally we know the lower and upper limits of pH commonly found in nature 

are around 3 and 10 respectively and the lower and upper limits of redox potentials in natural 

environments are around 0 volts and 1.2 volts respectively. It is worthwhile to note at this 

point that this range in redox potential is closely related to the lower and upper limits of the 
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dissociation of water. Therefore, we have to be sceptical about whether complexes that plot 

outside these natural boundaries would be found in nature. It is recommended that the reader 

be familiar with the use of Eh-pH (Pourbaix) diagrams by referring to an appropriate text 

such as Krauskopf (1967). 

Some electron transfer reactions can be very slow and reaction kinetics (reaction 

rates) must be considered before arriving at any conclusions. Questions arise when 

geochemical modelling is used to make quantitative statements, since these kinetic barriers 

must first be overcome. For example in Chapter 2, where the amount of hydrogen released 

from the reaction between olivine and water is examined, the quantitative statements 

obtained from the environmental model are not based on theoretical equilibrium values 

alone. The results are corroborated with the relevant literature (Berndt et ai., 1996; Neal and 

Stanger, 1983; Coveney et ai., 1987; Stevens and McKinley, 1995) and serve to establish 

that a model substantiates field evidence or laboratory results. This allows the model to be 

used for further development with a certain degree of confidence. The difficulty (and 

occasionally the danger) of simulating environmental processes and measuring the products 

in the laboratory is also a valid reason for the theoretical approach. It is possible to 

incorporate kinetic constraints into a geochemical model, but suitable reaction rate data 

required for this purpose are not readily available. This is not as much of a limitation as it 

may initially seem. It is often the mechanism or direction of reactions, the relative stability 

of components, or the distribution of components in a system and not solely the rate at which 

a reaction proceeds that can be of interest. For example, in Chapter 2 where the influence of 

pH on the olivine-water reaction and the potential production of hydrogen were assessed, it 

is revealed from the environmental model that the interaction between forsterite and water 

does not involve a redox aspect whereas the reaction between fayalite and water does. Such 

information regarding the sensitivity or behaviour of a geochemical system to a particular 

change can be of immense value to environmental studies. The advantages of Pourbaix 

diagrams are that they offer a quick overview of an unfamiliar system and possible stable 

phases can be identified at a glance, the influence of pH on redox reactions can be viewed in 

complicated systems. The disadvantages of such diagrams are that they display only 

equilibrated systems, whereas natural systems may play host to many redox processes that 

never reach equilibrium and remain in a metastable state. In addition, intermediate 

(metastable) phases may be missed and more detailed calculations are often needed to 

confirm critical aspects. 
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1. 7 Initial computations 

The initial computations involved simulating and testing the water-rock reactions 

proposed in the hydrothermal origin of life hypothesis (Russell and Hall, 1997). The 

approach was to create and test a simple system and, if successful, to increase the complexity 

in stages, in order to build a relatively more complex model. 

The simulations were performed using GWB and carried out in a controlled manner 

analogous to a controlled laboratory experiment (by testing reactions over a range of 

environmental conditions). Examples of the GWB plots are presented below. All plots 

describe the system at STP (25°CIl atmosphere). 

1.5 r----r----.--~--y------,r__-_._-__, 

1 
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Figure 1.11. Stable minerals and aqueous species in the Fe-SiOr H20 system at STP. Activity Fe++ = 

10-0, activity Si02(aq) =10-0. FeO(c) precipitation suppressed. 

Figure 1.11, produced from ACT2 represents the stability of iron species and 

minerals in terms of the activity of electrons (Eh) and the activity of W (PH) in a 

geochemical system containing trace amounts of Fe2
+ and Si02(aq)' Note that the horizontal 

line between Fe2
+ and Fe3+ indicates that the transition from Fe2+ to Fe3+ is strictly Eh 

controlled at low pH. Yet with increasing pH, the line between Fe2+ and hematite (Fe3+203) 

is sloping because Fe3+ becomes increasingly insoluble relative to Fe2
+ in alkaline conditions. 

Conversely, a vertical line between two species or minerals would indicate that a transition 

was strictly pH-controlled. The plot also indicates that at this temperature and pressure, 

magnetite and greenalite are stable in extremely reducing conditions in neutral to alkaline 

conditions. The dashed lines designate the water stability limits. Outside these boundaries, 
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hydrogen and oxygen exist as gases. In natural environments, water cannot exist outside 

these Eh-pH conditions. In natural environments, there are usually no oxidants or reductants 

that are strong enough to drive the reactions below (Equations 1.24 and 1.25) to the right 

otherwise H2 and O2 gas would be produced from water. 

(1.24) 

( 1.25) 

The boundaries between two dissolved species (solute/solute) in the diagrams 

represent the activity ratio between those species in a given solution. Although the boundary 

represents an equal activity between the two species, smaller concentrations of each species 

are present in the stability field of the other. Solid/solution boundaries between a mineral 

and an aqueous species indicate that the mineral and solute are at equilibrium for a given 

activity. 

Figures 1.12 to 1.18 are produced from the REACT program and show how the same 

geochemical system (Figure 1.11) responds to the incremental addition of 1 millimole of 

fayalite (FeII2Si04). They show the minerals that are produced, the Fe2
+ and Fe3

+ 

concentrations in solution, the H2(g) and 02(g) fugacities, the pH, and the redox potential. In 

other words, these graphs show how the various variables above are affected during the 

reaction and their values at the end of the reaction (at equilibrium), when all the fayalite is 

consumed in the reaction between it and the lkg of water in the system. 
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Figure 1.12. Mineral stabilities of the Fe-SiOr H20 system at STP, as a function of the amount of 

fayalite (F~Si04) reacted. Fugacity 0 2(g) = le-40, total [Fe*] = 10~ mmol, total [Si02] (aq) =1O~ mmol 

FeO(e) precipitation suppressed. 

The reaction path (Figure 1.12) demonstrates the production of greenalite (Fell3Sh05) 

and magnetite (Fe2illFelJ04) as water reacts progressively with fayalite in the absence 

of oxygen (log! 02(g) = -40). Both greenalite and magnetite are stable at the end of 

the reaction when the system comes to equilibrium. Note that hematite (Fe1ll203) is 

initially precipitated, but then is immediately consumed back into the reaction. 

FeO(c) precipitation suppressed. 
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Figure 1.13. Fe++ activity in the Fe-SiOr H20 system at STP, as a function of the amount offayalite 

(Fe2Si04) reacted. Fugacity 0 2(g) = }e"40, total [Fe*] = 1O~, total [Si02J(aq) = 10~ FeO(c) precipitation 

suppressed. 

If compared alongside Figure 1.12, it can be deduced (Figure 1.13) that on precipitation of 

magnetite, a conjugated Fe2+lFe3+ mineral, there is a corresponding decrease in Fe3+ in the 

aqueous solution. However, the production of greenalite (a Fe2+ mineral) does not show a 

corresponding decrease in Fe2+, but an increase in Fe2+. This is due to the addition offayalite 

itself (also a Fe2+ mineral). 
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Figure 1.14. Fugacity of O2 and H2 in the Fe-Si02-H20 system at STP, as a function of the amount of 

fayalite (Fe2Si04) reacted. Fugacity 0 2(g) = le4 o
, [Fe*] = 1O~, [Si021<aq} =lO~ FeO(c) precipitation 

suppressed. 
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If compared with Figure 1.12, Figure 1.13 shows that the hydrogen fugacity increases 

immediately on the precipitation of magnetite, and it can be deduced that water is dissociated 

in the fayalite-water reaction to generate hydrogen gas. Any hydroxide released or free 

oxygen present is likely to be used up immediately for the production of greenalite (Equation 

1.26). Thus from this simple model, we could infer that if there were any free oxygen in the 

primitive ocean, it would also have been immediately used up within a hydrothermal system 

where magnetite would have been likely to form . 
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Figure 1.15. System pH of the Fe-SiOr H20 system at STP, as a function of the amount of fayalite 

(F~Si04) reacted. Fugacity 0 2(g) = le-40, [FeJ = 10-6, [Si021(aq) =10-6 FeO(c) precipitation suppressed. 

Figure 1.15 shows the pH of the water becoming immediately alkaline (PH ~8.6) on the 

addition of fayalite. 
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Figure 1.16. System Eh of the Fe-SiOr H20 system at STP, as a function of the amount of fayalite 

(Fe2Si04) reacted. Fugacity O2(8) = I e-40, total [Fe ++] = 10-6, total [Si021<aq) =10-6 FeO(c) precipitation 

suppressed. 

Figure 1.16 shows how the geochemical system transforms from a mildly oxidising system 

to an extremely reduced system which, when referring to the positions of the greenalite and 

magnetite phases in Figure 1.11, is as expected . 
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Figure 1.17. Redox state of the Fe-SiOr H20 system at STP, as a function of pH as 1 nunole of 

fayalite (Fe2Si04) is reacted. Fugacity O2(8) = le-40, total [Fe*} = 10.6, total [Si021<aq) =10.6. FeO(c) 

precipitation suppressed. 
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The previous two plots, Figure 1.15 and 1.16, can be combined (Figure 1.17) to show how 

the Eh and pH of the system vary over the course of the reaction. This demonstrates the 

flexibility of the OWB program in its graphics capabilities, which allows the user to select 

the data to be displayed. 
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Figure 1.18. Thennodynamic model of the Fe-SiOr H20 system at STP. The thick black line 

represents Eh and pH as a function of fayalite (Fe2Si04) added to the system. Fugacity 0 2(g) = le-40, 

activity Fe -++ = 10-6, activity Si02("'I) =10-6 FeO(c) precipitation suppressed. 

Figure 1.18 combines nearly all of the previous information into one plot. The thick black 

line made up of squares (reaction path) represent the path taken by the reaction from its 

beginning to its end. Initially commencing in the hematite field, the path immediately 

descends into the magnetite and greenalite field. As verified by Figure 1.12, and suggested 

by the steep descent of the black line into the magnetite phase, hematite is used up 

immediately on formation and then prevented from precipitating further by the changing pH 

and Eh conditions. As expected from Figure 1.12, this path ends in the both the magnetite 

and greenalite fields which are at equilibrium. 

This is but the first impression to be perceived from the output, a simple evaluation at this 

stage. To be sure of its success as a realistic or appropriate model and use it for further work, 

it is necessary to refer to field evidence and to the available literature to assess its suitability 

for the purpose which it is intended. 
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Chapter 2. Iron and olivine: The water-rock reaction and the 
generation of H2 and control of pH 

2.1 Introduction 

In their. description of the Earth as a giant photoelectrochemical cell, Russell and 

Hall (1997) envisage an early ocean bearing ferric ions, which act as a dispersed positive 

electrode. Hydrogen in vent fluids, acts as the negative electrode. The boundary between 

these two electrodes is a semi-permeable iron sulfide barrier (precipitated spontaneously as 

hot, alkaline, hydrosulfide-bearing hydrothermal fluid meets cold acidic iron-bearing ocean 

water, §3.1.1). The resultant electrode potential approximates 1 volt, commensurate with the 

energy requirements for Life. Ferrous ion in seawater is photo-oxidised to ferric 

oxyhydroxide (FeOOH) and transported by oceanic currents to the hydrothermal seepages 

where it adheres to the iron-sulfide protomembrane (Russell et aI., 1994; Russell and Hall, 

1997). To examine some of these suggestions, this chapter looks at the behaviour of iron and 

how much ferrous iron and hydrogen might have been available in early oceanic 

environments and hydrothermal systems. 

As the general aim is to understand the initial conditions in which Life emerged, the 

simplest known integrated microbes are first considered. For the purpose of this discussion, 

bacteria can be classed into one of two broad categories, heterotrophic or autotrophic. 

Heterotrophic organisms are thought to predominate over the autotrophic in subsurface 

sediments and surface soils (Stevens and McKinley, 1988). Heterotrophic organisms require 

chemical energy from biotic organic nutrients, such as complex organic compounds of 

nitrogen (urea (NH2)zCO) or carbon (carbohydrates, (CH20)n), made by bacteria and plants 

fixing inorganic nitrogen or CO2 from the soil or atmosphere. The metabolism of autotrophic 

organisms is however, independent of other life with respect to nutrition. Instead, they use 

simple inorganic compounds such as hydrogen (H2(g», nitrate, sulfur and CO2(g). Autotrophs 

must use photosynthesis or chemosynthesis as a source of energy to form carbohydrates from 

simple inorganic sources. The autotrophs which are classified as chemolithoautotrophs 

obtain their energy from chemosynthesis rather than photosynthesis, for example, from the 

products of mineral-water reactions. One such product. from these reactions is hydrogen 

(Brock et aI., 1997; Martin and MUlIer, 1998; Wood, 1991). The oxidation of hydrogen to 

water yields enough energy to allow the synthesis of carbohydrate for cell material (Equation 

2.1). 

(2.1) 
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Stevens and McKinley (1995) reported the existence of hydrogcn-dependent 

chemolithoautotrophic bacteria living on geochemically produced hydrogen, deep ill the rock 

aquifers of the Columbia River Basalt Group (CRB), the groundwater there beillg typically 

alkaline (pH 8-10.6). They concluded that the only local source of hydrogen was from the 

interaction between the groundwater and the basalt (most probably serpentinisatioll reactions 

in which reduced iron minerals react with water). Their water-rock experiments lIsing 

crushed rock samples from the CRB produced up to 60 11M of dissolved H2 at 22°C. 

Additionally, enriched J3C levels from their stable carbon isotope studies indicate that the 

depletion of dissolved inorganic carbon (DIe) in the groundwater was coupled to bacterially 

mediated methane production as in the reaction below (Equation 2.2). 

4 H2(g) + C02(aq) - .. CH4(g) + 2 I-hO (2.2) 

Since many bacterially-mediated redox equilibria involve hydrogen (as in Equation .~.2), it is 

possible to relate the H2(g) concentration of a given environment to the dominant bacterially 

mediated redox reacliol1 occurring in that environment, as demonstrated by Lo vely and 

Goodwin (1998) in Figure 2.1. 
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Figure 2.1. H2 concentrations in sediments with different predominant c1eclron accepling processes. 

From Lovely and Goodwin (1988). 
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Figure 2.1 shows that bacterial processes producing methane are coupled with significantly 

higher levels of H2 (:5:10nM) in these sediments. Environments that contain Fe(III) reducing 

bacteria, have a much lower H2 content, approximately 0.5 nM H2. Nitrate and Mn(IV) 

reducing bacteria produce even lower levels of H2 (:5:0.1 nM). In comparison, Stevens and 

McKinley reported -lOnM H2 in the groundwater samples from the CRB. However, this 

study is concerned with finding evidence for the presence of H2 in early hydrothermal fluids. 

Evans et al. (1988) sampled vent fluids from the southern Juan de Fuca ridge at 2300m 

depth, at 285°C, and recorded 148-313 Jlm H2, but estimated there to be 270-527 /lm H2 by 

considering the relative contributions of the fluids and seawater to each sample, and 

assuming all of the magnesium in the sample originated from the seawater (see Chapter 4). 

If even a fraction of the concentrations of hydrogen described by Evans et aI., (1988) could 

have been produced from the Hadean lithosphere, then it is possible that there was enough 

hydrogen to support chemolithoautotrophic metabolism even allowing for escape of H2 to 

the atmosphere given that there was also a direct or indirect source of carbon dioxide (or 

monoxide). Neal and Stanger (1983) reported the generation of up to 97% by volume of 

inorganically produced H2 gas as a result of low temperature, alkaline (pH 10-12) water-rock 

reactions, in an anoxic, closed groundwater environment in the Oman Ophiolite. They 

suggested that the generation of hydrogen and the anoxic conditions were coupled to the 

serpentinisation process. The amount of hydrogen gas was thought to be determined by the 

availability of reduced iron (Fell-rich) phases in the aquifer matrix of olivine and pyroxene 

minerals (FeII/MglI ratio - 1: 10) which on hydration formed serpentine and ferrous 

hydroxide/oxide (Equation 2.3). Extrapolating Eh values from local sulfate/sulfide and 

nitrate/nitrite ratios, Neal and Stanger (1983) noted that in some cases, Eh could reach as 

low as -630 mV (near the water stability limits of -650 and -715 mV at pH values of 11 and 

12 respectively). Though controversial at the time, Neal and Stanger (1983) suggested that 

such strongly alkaline and reducing conditions, assisted by the catalytic nickel-iron alloys 

found in serpentinites (Krishnarao, 1964), would have promoted the further oxidation of the 

ferrous hydroxides and reduction of water to hydrogen at low-temperatures. They concluded 

that similar low-temperature processes producing hydrogen could be "potentially 

widespread" in the oceanic crust and the upper-mantle, and other subsurface environments 

(Coveney et al., 1987; Kelley et aI., 2001), though the amount of hydrogen generated would 

be limited by the availability of Fell hydroxide. 

In this study, the objectives were to examine the olivine-water reaction, and decide 

whether hydrogen production was possible from such reactions in a Hadean crust. The 

controls on pH of early hydrothermal fluids is also discussed. To accomplish this task it is 
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necessary to ascertain the probable environmental conditions in the Hadean. These are 

difficult to constrain due to the absence of geological evidence from this era; thus there are a 

large number of uncertainties to consider. This is discussed in §2.2 below, where the 

environmental constraints to be used for this study are contemplated. The accepted early 

Earth conditions that were eventually used were those that have been proposed after much 

discussion in the scientific community. However, some of these proposals are regularly 

challenged. 

2.2 Environmental conditions in the Hadean 

It is assumed that the pH of the ocean water about 4.2 billion years ago (4.2 Ga) 

was imposed by the carbon oxides. The ratio between the monoxide and dioxide will depend 

on the overall oxidation state of the Hadean mantle (but the pH of seawater is unlikely to be 

affected by the monoxide). This is disputed. Canil (1997) argues for a mantle similar to 

today's (Le., FMQ or Fayalite-Magnetite-Quartz) whereas Kasting and Brown (1998) argue 

for a mantle with an oxygen fugacity one to four units more reducing than FMQ (§5.5). 

Kasting's argument centres on the assumption that incoming asteroids consisting in part of 

nickel-iron as well as the carbonaceous chondrites, comprised a significant proportion of the 

Hadean crust. With such a low redox state, hydrogen would have gravitated rapidly to space 

and methane would have been photo-oxidised. Thus, the early Earth is left with an 

atmosphere that, while containing a similar nitrogen content to today, has an unknown 

pressure of the carbon oxides at an unknown ratio. Supposing that of all the carbon present 

on and in the Earth today, two per cent were available to the Hadean atmosphere, then the 

pressure would approximate to one bar (Walker, 1985). And clearly a ten bar atmosphere 

would be within the bounds of possibility. Considering that Venus has 90 bars of C02 today, 

this figure may even be conservative. Given the lack of certainty and the likely 

inhomogeneity of the Hadean crust, a CO/C02 ratio of 1: 1 is arbitrarily chosen. However, 

Kasting and Brown (1998) consider the ratio could reach 9: 1. Against this is the fact that CO 

is nearly insoluble in mafic magma, whereas CO2 can achieve a 1 % solubility and is readily 

degassed from volcanoes (Gerlach, 1989a; 1989b). The lack of free oxygen in the Hadean 

atmosphere is undisputed, therefore anoxic atmospheres are reflected in the models. 

As for temperatures and pressures, they increase with depth in the crust where 

solids, fluids and gases may have supercritical properties or exhibit other unusual behaviour. 

Pressures in early hydrothermal systems may have been hydrostatic or lithostatic. If the 

fluids in the fractures were open to the interface between the ocean and it's crust then the 

pressure would be hydrostatic. If the fractures or pore spaces were sealed from the surface 
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by precipitated minerals then the density of the overlying rock would have to be considered 

(Shock, 1992a). Since this study deals with early hydrothermal systems discharging fluids 

into the early ocean, the pressures are assumed to be hydrostatic. At temperatures of 

373.9°C, 220.S bars, and 407°C, 298.5 bars, H20 and seawater reach their supercritical points 

respectively. At these conditions the physical properties of H20 such as molal volume (VO, 

cm3 mor'), dielectric constant, and properties related to density such as isobaric expansivity, 

ex. (K'.102), isothermal compressibility ~ (bar-'.102), and the standard molal isobaric heat 

capacity COp (cal mor'K'), control the upper limits of the temperatures of venting fluids to 

around 3S0-400°C. At lower temperatures, particularly <200°C, pressures ranging from I-S 

Kbars have relatively little effect on certain properties of H20 such as the density of the 

fluid, compared with temperature changes. Similarly, the dielectric constant of H20 is also 

barely affected by similar pressures (see Shock, 1992a; Bischoff and Rosenbauer, 1984). 

However, the ionisation constant (Kw = [W][OH-n, and thus the pH, of water is influenced 

by temperature and pressure (see Shock, 1992a; and Figure B in Appendix lA). Although 

temperature has a more noticeable effect on pH, an increase in pressure of 2 kilobars can 

decrease neutral pH (-7.S at O°C) by about 0.4 units. However, a similar increase in pressure 

at 3S00C will decrease neutral pH (-S.9 at 3S00C) by about 0.8 units (see Figure 15, Shock, 

1992a). In addition, at temperatures above 200°C, the pH of many submarine hydrothermal 

vent fluids is controlled by the hydrolysis of Ca-plagioclase to epidote (Ca2FeAhShO'20H). 

This is a reaction whose equilibrium constant is highly sensitive to pressure, especially at 

temperatures and pressures near the critical point of water (Seyfried et aI., 1991; Polya, D., 

pers. comm.). 

2.3 The fayalite and water reaction 

To theoretically determine how much hydrogen could have been generated from 

water-rock reactions it is necessary to create a model to reflect the early seawater as it 

permeates, percolates and flows through the early oceanic crust. The most likely 

composition of the Hadean crust and seawater is still debatable. Komatiites are thought to 

have made up the bulk of the oceanic crust during the Archaean (Nisbet, 1987), and may be 

used in a proposed model of the Hadean (cf. Macleod et al., 1994). However, in this 

investigation the focus is on certain key minerals in the komatiitic crust, such as the olivine 

end-members forsterite and fayalite. Therefore, it is not necessary to model a complex rock 

such as komatiite, but instead create a model rock of olivine - the dominant mineralogical 

constituent of the ocean crust. Olivines are a group of silicate minerals that have the general 

formula (Mg, Fe » Mn » CahSi04 and generally exist in some combination of these 
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metallic elements. They are widespread in basalt, peridotite, and other igneous rocks. 

Knowing that oxidation of iron produces hydrogen, our interest lies in olivine that contains 

the iron-rich silicate, fayalite (Fe2Si04). Fayalite is present in olivine with forsterite 

(Mg2Si04), usually in a 1:9 ratio in mafic/ultramafic igneous rocks. Many ultramafic bodies 

show evidence of two distinct reactions, talc-carbonate alteration and serpentinisation 

(Eckstrand, 1975). The reaction between olivine and water during serpentinisation (Equation 

2.3) is of particular interest in this chapter. The reactions are widely documented (Moody, 

1976, Neal and Stanger, 1983, and references therein; Coveney et al., 1987) and show that 

the fayalite end-member of olivine reacts with water to produce magnetite (Fe304); an iron

rich serpentinite-type mineral (for example, greenalite, 3 [Fe3Sh05(OH)4]); and hydrogen 

(Equation 2.3, Figure 2.2). Similarly, the reaction between the forsterite end-member of 

olivine and water produces a magnesian-rich serpentine (typically lizardite, 

Mg6[Si40 IO](OH)s ± brucite (Mg(OHh) ± talc (Mg3Si401O(OHh (Janecky and Seyfried, 

1986). 

(forsterite) 4Mg2Si04 + 6H20 - (lizardite) Mg6[S40IO](OH)s + (brucite) 2Mg(OHh (2.4) 

One of the aims in this chapter is to determine whether the early environmental conditions 

proposed for the Russell and Hall model (1997) will allow reaction 2.3 to proceed and if so, 

how much hydrogen could be produced from it. However, the stability of iron with respect 

to redox conditions is discussed prior to modelling the olivine-water reaction. 
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Figure 2.2. Photomicrograph (transmitted light, plane-polarised-light) showing altered oli vine in thin 

section. The olivine (crystal on right) is altering to serpentine (in fractures) and magnetite (black). 

Photograph courtesy of A. 1. Hall 

2.4 The stability of iron and its compounds in redox environments 

2.4.1 The Fe system 

In sedimentary environments redox conditions may be oxic ( 0 2(aq) > - 111M), or 

anoxic ( 0 2(aq) < - 111M), sulfidic or postoxic/methanic. For an anoxic environment, if sulfide 

(CH2S) species are > I j..lM, it is sulfidic. If sulfide species are <1 j.!M, it is postoxic or 

methanic. The system of the classification of redox environments suggested by Berner 

(1981 ), though mainly of relevance to sediments and soils, is a useful guide and is tabulated 

below (Table 2.1). 

Environment 

I. Oxic ( C02 ~ 10.6 ) 

II . Anoxic (CO2 < 10-6 
) 

A. Sulfidic (CH2S ~ 10-6 ) 

B. Nonsulfidic (CH2S < 10-6 ) 

I. Postoxic 

2. Methanic 

Table 2.1 
Cha racteristic Phases 

hematite, goethite, MnOz-type minerals; no 
organic matter 

pyrite, marcasite. rhodochrosite, alaband ite; 
organic matter 

glauconite and other Fe2
+, Fe3

+ silicates 
(also siderite, vivianite, rhodochrosite); 
no sulfide minerals; minor organic 
matter 

siderite, vivianite, rhodochrosite: earl ier 
formed sulfide minerals: organic matter 

Table 2.1. Berner's (1981 ) classification of redox environments together with solids 
which are expected to form in each environment. The environments from top to bottom 
also correspond to increasing depth. (C = molar concentration) 
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From Table 2.1, it can be seen that depending on the depth and surrounding environment, 

iron exists in various oxidised or reduced forms in minerals such as hematite (Fe203), 

goethite (FeOOH), pyrite (FeS2) and other iron sulfideslcarbonates such as marcasite 

(orthorhombic FeS2), siderite (FeC03), or hydrated iron phosphates such as vivianite 

(Fe3(P04h8H20). However, it is useful to first understand how iron and its compounds 

might behave at STP (25°C I 1 atmosphere). The thermodynamic database, 

thermo.com.v8.r6.full, is used to demonstrate the behaviour and redox properties of iron in 

water in the absence of other radicals and gases apart from oxygen, using a Pourbaix (1949, 

1963) or Eh-pH diagram. Running the ACT2 input code (Figure 2.3) generates the Pourbaix 

diagram shown below (Figure 2.4). The diagram indicates the various stable phases of iron 

and iron complexes and their distribution with respect to the oxidation state (Eh) and pH at 

STP (25°C I 1 atmosphere) in lkg water according to the thermodynamic data in the 

database. Of course, the phases of iron that are stable in natural environments are 

determined by very different chemical and physical conditions, and kinetic barriers. 

Bacterial activity may also influence the distribution of minerals, species and gases. 

Additionally, in out-of-equilibrium conditions, metastable entities may well precipitate first 

(see §5.1). 

ACT2 input script for Figure 2.4 
1. data = thermo.com.v8.r6.full 
2. swap e- for 02(aq) 
3. diagram Fe++ on Eh vs pH 
4. log activity main = -6 
5. x-axis from 0 to 14 
6. y-axis from -1 to 1.5 
7. suppress FeO(c) 

Figure 2.3. Input code used to generate the Pourbaix diagram for iron in lkg water at 1.013 bar 
and 25°C, as shown in Figure 2.4. 
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Figure 2.4. Mineral phases and aqueous species of the Fe-H20 system, showing the stability of iron 

minerals and iron compounds in water at STP (25°C / 1 atmosphere) with respect to Eh and pH 

conditions. Activity Fe++ = 1O~. FeO(c) suppressed 

" 
1 " " '. " 

'" " " " " 

0.5 

-0.5 

-I 
2 4 

" " " " .... 
'. 

Hematite 

6 8 
pH 

'. 

15CPC 

'. '. '. '. 

10 

'. '. '. ", 

12 14 

Figure 2.5. Mineral phases and aqueous species of the Fe-H20 system with respect to Eh and pH 

conditions at 150°C and 4.757 bar in Ikg H20. actibity Fe++ = 1O~. The pressure corresponds to the 

boiling curve of H20 (Appendix lA, Figure B). 

2.4.2 The Fe-C02 System 

The CO2 concentration expected in the Hadean atmosphere is expected to be much 

higher than today therefore it is useful to examine what influence the high pressures of C02 

in the atmosphere may have had on the stable phases of iron. To consider the influence of 
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current atmospheric CO2 pressure on the iron redox system in Figure 2.4, the Pourbaix 

diagram (Figure 2.6) shows the various phases of iron within a Fe-C02 redox system at 

2SoC, corresponding to current atmospheric levels (0.0003 bars, which is equivalent to log 

iC02 10-3
.
5

, line 4, Figure 2.5. For the early earth model, a 10 bar pressure of CO2 fugacity is 

possible and the script in Figure 2.S was modified to reflect this. The result is presented in 

Figure 2.7. Figure 2.8 shows how the Fe-C02 system. (0.0003 bars C02) would be affected 

by a higher temperature (lSO°C). 

ACT2 script for Figure 2.6 
1. data = thermo.com.v8.r6.full 
2. swap e- for 02 (aq) 
3. swap C02 (g) for HC03-
4. log f C02 (g) -3.5 
5. diagram Fe++ on Eh vs pH 
6. log activity main = -6 
7. x-axis from 5.5 to 14 
8. y-axis from -.85 to 1.15 

Figure 2.S. ACT2 script showing input parameters for system at 25°C containing lkg H20, activity 

Fe++ = 10.6, and fugacity C02 = 0.0003 bars. 

The equilibrated system over a pH range of S.S to 14 is shown in Figure 2.6. 
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Figure 2.6. Mineral phases and aqueous species of the Fe-H20-C02 system with respect to Eh and pH 

conditions at STP. Total C02(g) = 0.0003 bars, activity Fe ++ = 10-6 . 
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Figure 2.7. Mineral phases and aqueous species of the Fe-H20-C02 system with respect to Eh and pH 

conditions at STP. Total C02(g) = 10 bars, activity Fe++ = 10-6. 
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Figure 2.S. Mineral phases and aqueous species of the Fe-H20-C02 system with respect to Eh and pH 

conditions at 150°C. Total COZ(g) = 0.0003 bars, activity Fe++ = IO~. 

2.5 Olivine-water reaction model 

2.5.1 Method 

The environmental variables that were considered in this model were temperature, 

pH of the seawater and hydrothermal fluid, the chemical species in the system, atmospheric 

and dissolved gases, and the typical temperatures and oxidation states in the oceanic crust 

where the olivine-seawater reaction is proposed to take place when seawater, gravitating 

through fissures in the oceanic crust, comes into contact with the olivine at a depth of SIan. 

The environmental conditions were those assumed to have existed in the Hadean -4.2 to 

-4.4 billion years ago (Russell and Hall, 1997). As before, pressure was assumed to be at 

atmospheric level and to have little influence in the model. The experimental approach was 

to create a basic model, test it for stability, then to gradually add more complexity. Once the 

robustness of the basic model was confirmed, other components and constraints were 

introduced into the model with subsequent testing. Using the GWB reaction modelling 

program REACT, a geochemical model was constructed of the water-rock (seawater

fayalite) interaction. The Russell and Hall (1997) hypothesis stipulates that after the 

interaction between the seawater and olivine, the resultant fluid should be in equilibrium 

with its surrounding environment, alkaline, and contain sulfur as hydrosulfide (HS-) but have 

vanishingly small concentrations of iron (MacLeod et aI., 1994). However, since the 
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primary objective at this stage of development in the model was the investigation of the 

production of hydrogen from the water-rock reaction, the introduction of sulfur into the 

model was reserved for Chapter 3, where the role of sulfur is discussed. 

2.5.2 Fayalite and Seawater System 

For the basic model, lkg of a simplified anoxic seawater analogue (containing 

ferrous iron and silicate) was used, and then reacted with 1 mmole of a 'simplified' rock, 

composed only of the iron-bearing mineral fayalite, the iron end-member of olivine. This 

constitutes a water-rock ratio of 1000: 1. Water-rock ratios were not varied during the 

experiments. An extremely low pressure of oxygen (lOgj02(g) = -40, line 5, Figure 2.9) was 

used to simulate the anoxic environment assumed to have existed on the early earth, though 

see Shock (1992) for estimates of log j 02(g) = -80. The model seawater contained nominal 

amounts of dissolved iron (Fe2+) and silica (Si02(aq), both at concentrations of 10-6 

millimoles, allowing the REACT program to consider them in its calculations (lines 6 and 7, 

Figure 2.9). These low concentrations were used because the thermodynamic data in the 

database are accurate only for dilute solutions. 

REACT script for Figures 2.10·2.12 
1. data = thermo.dat 
2. temperature = (Set temperature) 
3. swap 02(g) for 02 (aq) 
4. 1 kg free H20 
5. fugacity 02(g) = le-40 (Set PPM oxidation state for s/water) 
6. total romol Fe++ = 1e-6 
7. total romol Si02(aq) = 1e-6 
8. balance on H+ 
9. react 1 romol of Fayalite 
10 suppress FeO(c) 

Figure 2.9. REACT script for water-rock reaction involving fayalite and H20 at STP, see Figures 

2.10-2.12. Thermodynamic data obtained from GWB database, thermo. dar (Bethke. 1998) 

Using the REACT script in Figure 2.9 with the GWB code enabled the production of 

a variety of diagrams describing changes to the system as the reaction progressed (Figures 

2.10-2.12). Balancing the electrolytic charge of the ionic solution with hydrogen ions 

allowed calculation of the pH (line 8, Figure 2.9) of the fluid at each stage of the reaction. 

Three types of diagram were selected to portray events during the reaction (minerals 

produced or consumed, Figure 2.10; fugacities of gases as they are produced or consumed, 

Figure 2.11; and changes in oxidation state and pH, Figure 2.12). 
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Figure 2.10. Mineral stabilities of the Fe-Si02-H20 system at STP, as a function of the amount of 

fayalite (Fe2Si04) reacted. Initial fugacity 0 2(g) = le-40, total [Fe*] = 10~, total [Si02l<aq) =10~ FeO(c) 

precipitation suppressed. Graph produced using GWB REACT code and GWB database thermo.dat 

(Bethke, 1998). 

Figure 2.10 shows minerals produced or consumed as 1 mmol of fayalite is titrated 

into Ikg of water at STP. A small amount of hematite is precipitated, but it is used 

up as soon as it is formed. Graph produced using GWB REACT code and GWB 

database thermo.dat (Bethke, 1998). 
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Figure 2.11. Fugacity of O2 and H2 in the Fe-SiOr H20 system at STP, as a function of the amount of 

fayalite (F~Si04) reacted. Initial fugacity 0 2(g) = le-40, total [Fe*] = 1O~, total [Si02Jcaq) =1O~. FeO(c) 

precipitation suppressed. Graph produced using GWB REACT code and GWB database thermo.dat 

(Bethke, 1998). 
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Figure 2.12. Redox state of the Fe-SiOr H20 system at STP, as a function of pH as I mmole of 

fayalite (FezSi04) is reacted into I kg of water at STP. Initial fugacity O2(8) = l e-40, total [Fe++] = 10-6, 

total [Si021<aq) =10-6 FeO(c) precipitation suppressed. Graph produced using OWB REACT code and 

GWB database thermo.dat (Bethke, 1998). 

The fayalite and simple seawater system was subjected to a series of tests to determine how 

it may respond to fluctuations of temperature and CO2(g) pressure. 

2.5.3 Temperature, C02 pressure, and the fayalite, forsterite and seawater system 

Having shown that the modelling software produced the expected results, in that the 

seawater and fayalite reaction does indeed produce hydrogen (Figure 2.11) under the 

proposed environmental conditions, the system was subjected to temperatures of 10, 50, 90, 

150, 200 and 250°C, and varying pressures of C02(g) . This gave an overall impression of 

how temperature and CO2(g) influenced the reaction and the fmal equilibrated system. For 

each temperature, the C02(g) fugacity of the system was fixed at 0.0003 bars, 1 bar and 10 

bars. These fugacities correspond to the current atmospheric pressure, the standard state 

pressure, and the proposed higher pressure of CO2(g), four billion years ago (4 Oa). This 

range at least encompasses the possible C02(g) fugacities in the hydrothermal environment. 

The REACT script in Figure 2.9 was updated as necessary to reflect each 

temperature and C02 pressure of interest (lines 2 and 7, Figure 2.13). In addition, the 

experiments were repeated with the mineral forsterite, the magnesian end-member of olivine, 

substituted for fayalite. Finally, the experimental system was updated to reflect a more 

realistic olivine by using both fayalite and forsterite in a ratio of 1:9 (Neal and Stanger, 

1986). A large number of graphs can be generated using this approach, and the data 

extracted 

56 



1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 

REACT template script for varying temperature and C02(,) 
data = thermo.dat 
temperature = (set temperature bere) 
swap 02(g) for 02(aq) 
swap C02 (g) for HC03-
1 kg free H20 
fugacity 02(g) = le-40 
C02 (g) = (set fugacity of C02(g) bere) 
total romol Fe++ = le-6 
total mmol Si02(aq) = 1e-6 
balance on H+ 
react 1 mmol of Fayalite 

Figure 2.13. REACT template script for varying temperature and C02(g) in fayalite and seawater 

system. 

from them even larger. Thus, the values of key variables (temperature, dominant mineral 

concentrations, fugacities of H2(g) and 02(g); and Eh and pH) were recorded and tabulated 

from each mineral, fugacity and Eh-pH diagram, as each reaction reached equilibrium. The . 

results can be viewed in Appendix IB (Tables Al - AI2). The products for each system 

tested were plotted (Figures AI-A78, Appendix 2) to provide, at a glance, how the entire 

system varied with temperature and C02(g) fugacity. The results are summarised in §2.6 

below. 

2.6 Discussion 

2.6.1 Fe-H20 system 

Figure 2.4. demonstrates that at 25°C and in very acidic environments (pH < 2), 

regardless of the oxidation state, iron tends to remain in solution as Fe2+ or Fe3
+ ions. Iron 

solubility can be seen to depend very much on the pH of the system. As the pH of the 

environment rises above approximately 8.7, iron becomes insoluble «1 ppm approximately) 

regardless of the redox potential of the system, and precipitates out of the solution mainly as 

hematite. Magnetite is stable in moderate to extreme redox conditions. Further analysis of 

Figure 2.4 reveals what is fairly well known about iron: 

(i) iron oxides, in this case magnetite (Fe304, a conjugated Fe2+/Fe3+ mineral), and 

hematite (Fe203. an Fe3
+ mineral), are the possible stable minerals contro11ing iron 

solubility. 

(ii) in anoxic environments (less O2, more reducing, hence lower Eh) and in non

oxidising acids, Fe2+ is the dominant oxidation state of dissolved iron. However, in 

oxic environments (more 02, more oxidising, higher Eh) or in oxidising acids, some 
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of the iron would be present as Fe3+, but this can only occur at extremely 

acidic/oxidising conditions. 

Oxidation of iron from Fe(ln to Pe(Ill) produces more acid in many moderate to extreme 

environments such as in the precipitation of iron hydroxides. Fe(OH)3. since Fe3+ removes 

hydroxide ions from water and releases hydronium ions from water as shown in Equation 

2.5. 

2 Fe2+ + Vz 02 + 5 H20 - 2 Fe(OH)) + 4 H+ (2.5) 

The magnetite phase is shown to be dominant only in extremely reducing (low Eh) and 

alkaline (high pH) environments (Figure 2.4). If we suggest that the surface redox 

environments were moderate and anoxic in the Hadean, Figure 2.4 predicts that magnetite 

rather than hematite deposits would be more likely to be formed in sediments and within the 

crust. The simple iron system calculated at 25°C (Figure 2.4) was also tested to reflect 

possible higher temperatures (I50°C) in the model (Figure 2.5). This had had no obvious 

effect on the overall distribution of the iron species in the system, except that the magnetite 

field extended to slightly acidic conditions (pH -6.2). 

The iron stability diagrams in Figures 2.4 and 2.5 are simple models describing the 

behaviour of iron and it's complexes in water alone. A more realistic model for the 

emergence of life would have to incorporate sulfur and carbon. and thus other minerals could 

form preferentially. The thermodynamic calculations that produce Figure 2.4 and 2.5 would 

have also shown that iron oxide (FeO(e» could be precipitated. However, FeO(e) does not 

constitute a stable phase at these temperatures. FeO(e) would instead be incorporated into 

silicates, oxyhydroxides and carbonates. For this reason, the production of FeO(e) was 

suppressed in the calculations by issuing the appropriate instructions to the program in the 

ACT2 code (line 7, Figure 2.3). 

2.6.2 Fe.HzO·COz system 

With carbon dioxide in the Fe-H20-C02 system (Figure 2.6), hematite still occupies 

much of the computed redox and pH space. At low temperatures (25°C), high pH (> 11) and 

reducing conditions (Eh < -600mV), magnetite production becomes less likely, and siderite 

(FeC03), iron in its carbonate form, is progressively favoured. When the system was 

subjected to a higher pressure of CO2 (10 bars), it showed that under alkaline and reducing 

conditions, the siderite stability field occupies a much larger Eh-pH space (Figure 2.7). An 

important point can be drawn from Figures 2.6 and 2.7. One of the requirements of the 
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origin of life model is to convert CO2 to acetate (CH3COO). In these figures, CO2(g) is 

shown to be reduced to acetate, and that the acetate is thermodynamically stable. This does 

not happen readily in an abiotic environment. Although the conversion of CO2(g) to acetate is 

shown to be thermodynamically feasible in the calculations, it is the overcoming of the 

kinetic barrier which poses the difficulty in natural abiotic systems. How then is it possible 

for these organic compounds to be synthesised? This problem provides the foundation for 

much of the work in Chapter 5, where the role of mineral buffers in organic synthesis is 

discussed. 

In Figures 2.6 and 2.7, it can be seen then that the presence of even very small 

amounts of C02 (0.0003 bars) in the system may allow the precipitation of some siderite, 

under appropriate pH and redox conditions. Many Archaean iron formations contain some 

siderite layers (Dymick and Klein, 1988) as do the Maar Lakes in the Cameroon such as 

Lake Nyos and Monoun (Sigurdsson, 1987; Kling et al., 1989). Thus given higher CO2 

partial pressure, the dominant chemical sediment in the Hadean is likely to have been 

siderite. This could be significant in terms of the synthesis of organic molecules. After all, 

French (1971) generated organic acids, alcohols, ketones, and hydrocarbons during the 

synthesis of siderite from ferrous oxalate, though the production of organic molecules was 

not the main focus of the investigation, and as such, not taken further. Thus it is possible to 

imagine that if such sediments were to be covered by komatiitic flows they could be 

subsequently thermally metamorphosed by later magmatic intrusions in the presence of 

magmatic or hydrothermal hydrogen and similar organic molecules generated. If C02 was 

present in early seawater, then it would be consumed as the seawater-rock reaction 

progresses and siderite precipitates. Eventually, magnetite would be the dominant 

precipitate from a seawater with low concentrations of C02 at depth in a hydrothermal 

system. Interlaminations of these two minerals may be expected from cycles of saturation

supersaturation-nucleation-settling cycles. 

In Figure 2.8 (produced from the script in Figure 2.5 and modified for 150°C), it can 

be seen that higher temperatures favour the production of hematite and magnetite at current 

CO2 levels over a similar Eh-pH space, and no siderite or acetates are stable at this 

temperature. In additional tests with 10 bars C02, the results were similar to Figure 2.8 in 

that magnetite was predominantly stable at alkaline and reducing conditions. 

2.6.3 Simple Fayalite and seawater system 

Several observations were made. In the minerals diagram (Figure 2.10), the 

introduction of fayalite into the system was perceived as the moment when seawater comes 
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into contact with olivine, causing minerals such as hematite (Fe2fi103), magnetite 

(FeIIFe2III04) and greenalite (FeII3Sh05(OH)4) to immediately precipitate from the seawater. 

The initial redox conditions allowed a small amount of hematite to precipitate, but it was 

used up as soon as it was formed (Figure 2.10). This could be explained by the rapid 

assimilation of oxygen (Figure 2.11), quickly making the system strongly reducing and 

consequently, making hematite unstable again. As indicated by the levelling of the curves 

and the presence of both minerals at the end of the reaction (Figure 2.10), the fluid was in 

equilibrium with greenalite, the dominant mineral, and some magnetite. The mode] 

confirmed that as seawater reacts with olivine (in particular, the mineral faya]ite, the iron 

end-member of olivine) hydrogen gas is produced (Figure 2.11). The results were as 

expected (see Equation 2.3, and the iron-silicate stability diagram in Figure 1.11, §1.7). The 

hydrogen content in the system increased from -]OgjH2(g) = 10-15 to -logjH2(g) 10-3 at the 

end of the reaction. Oxygen levels depleted rapidly from logj02(g) = 10-40 to logj02(g) = 10-

90 which agree with Shock (1992) results. 

Consulting the Eh-pH values of the reaction path (Figure 2.12), the pH is initially 

neutral (pH 7), and the redox environment moderate. In the Eh-pH diagram (Figure 2.12), 

the pH of the seawater was calculated by REACT to be initially neutral at pH 7, and finally 

alkaline at pH 8.7 after its contact with the rock. The initial and final oxidation state of the 

system was transformed from a slightly oxidising 0.1 V to a strongly reducing -0.5 V. The 

equation for the fayalite reaction (Equation 2.3) may provide an explanation for the higher 

pH as follows. Fayalite reacts with water to produce magnetite, greenalite and hydrogen. 

Greenalite is a form of serpentine and consists of silica (2Si02), iron oxide (FeO), and iron 

hydroxide (2Fe(OHh). Serpentine is a secondary mineral formed from minerals such as 

olivine, and often occurs in igneous rocks, but mainly in serpentinites which have formed by 

the hydration of olivine-bearing rocks (Garcia et al., 1995). The reaction is thought to 

proceed as FeO(silicate) reacts with water to form iron hydroxides (Equation 2.6). 

FeO(silicate) + H20 - Fe(OH)2 (2.6) 

Some of the iron hydroxide produced is dissociated into its component parts to the ferrous 

ion, Fe++, and the hydroxyl ion, OH-, thereby increasing the pH (Equation 2.7). 

Fe(OHh - Fe2+ + 20H- (2.7) 

The liberation of hydrogen gas by water dissociation (Equation 2.3) may also increase the 

presence of the hydroxyl ion OH-, and may have sufficiently increased the alkalinity of the 
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solution to allow magnetite and greenalite to form. The reaction proceeds in this direction 

until all the fayalite has been reacted. Therefore, assuming that the reaction goes to 

completion, the results show that in a reduced, alkaline fluid, and reaction between seawater 

and olivine, in a water-rock ratio of 1000:1, greenalite and magnetite are the products that are 

favoured. The maximum concentrations that can be achieved are approximately log 10-0
.
3 

mmoles (-0.5 mmoles) greenalite and log 10-0.
8 mmoles (-0.17 mmoles) magnetite. Thus, 

greenalite is the dominant phase and its concentration exceeds that of magnetite by a ratio of 

-3:1. 

2.6.4 Olivine (fayalite, forsterite) • seawater system 

All plots in Appendix 2 (except the 'minerals'diagrams) show reaction products and 

system variables at initial (seawater) and final (fluid) values. In all of the systems tested the 

result was influenced by the initial conditions, hence the initial oxygen fugacity, set at logf 

02(g) = -40, was the same at ail temperatures and the system was in effect less oxic at higher 

temperatures (Appendix 2, Figures A3, AS, A13, AIS, A25, A32, A39, A46, A53, A60, 

A67 and A74). Thus, the plots in Appendix 2 show that many of the lines merge at high 

temperature, concluding that the redox change from seawater to fluid was less with 

increasing initial temperature. It is presumed that fewer mmoles of H2 are generated at high 

temperatures to attain equilibrium conditions (and thus there is less dissociation of H20). 

The forsterite and seawater reactions did not show any redox aspect as evidenced by the 

overlap of the seawater and fluid lines in the hydrogen and oxygen fugacity plots for 

forsterite and seawater, and thus no change in oxygen or hydrogen fugacity was produced 

from them. This was to be expected (Equation 2.4) as it is the fayalite reaction (Equation 

2.3) that involves the dissociation of water and the production of hydrogen. The increase 

that is evidenced in the forsterite plots for hydrogen fugacity is merely the numeric value of 

H2 fugacity changing with temperature and corresponding to the initial O2 value (log f 02(g) 

= -40). In the Eh plots, initial seawater Eh also reflects the initial fugacity of 02 in seawater 

which is fixed at each temperature. Thus, log f 02(g) = -40 gives a lower Eh at high 

temperature. However, the redox aspect of the reaction is of more interest at lower 

temperatures where there is a greater redox contrast between the initial seawater and the final 

fluid. 

Influence of temperature on fayalite and seawater system 

(Table AI, Appendix IB; Figures AI-A5, Appendix 2). 
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From Table Al and Figures AI-A5, at temperatures below 150°C, greenalite or a 

similar serpentine-type mineral is expected to be the dominant mineral and stable with 

magnetite (Figure AI). At temperatures of between 150°C and 250°C, magnetite is the stable 

mineral, with concentrations of greenalite dropping to zero. Hydrogen production can be 

seen to be indifferent to temperature variations, though it may not reach the 1 bar level as 

indicated in Figure A2. Shock calculated H2 fugacities ranging from 0.01 bars to 0.17 bars at 

285°C from H2 activities of samples of hydrothermal fluid, and 0.19 bars H2 at oxidation 

states fixed by PPM assemblage values (Chapter 5). Figure A3 indicates that although the 

system remains anoxic (approximately log f 02(g) -S5 to -40 ) over the temperature range 

tested (0-250°C), 02(g) levels seem to vary with temperature, though on inspection of the 

forsterite system (Figure AS) it could be argued that it is the fayalite reaction that is 

responsible for the change and not the temperature .. 

The values calculated for the oxidation state of the hydrothermal fluid (Figure A3) 

correspond to the 02(g) fugacities calculated for the PPM assemblage over the same 

temperature range (Figure 5.1, Chapter 5) indicating that the fluid is buffered at PPM 02(g) 

fugacities over this temperature range. If temperature alone influenced the 02(g) levels in the 

system then the curves would be superimposed, but it can be seen that the hydrothermal fluid 

is depleted of oxygen more so than in the seawater indicating the reductive power of Fell. 

Figure A4 indicates from the oxidation states of the seawater and fluid, that the hydrothermal 

fluid assumed to be produced at the end of the reaction is considerably reduced (-0.5V at 50 

C) relative to the original seawater (- 0.1 V at 50°C) used in the model. Ignoring pH 

contrasts, this is the redox contrast necessary for life as suggested by Russell and Hall 

(1997). The voltage that could be generated by this contrast is indicated to be from !1Eh -0.6 

volts at 50°C to !1Eh - 0.18 volts at 200°C. 

The pH of the original seawater varies from slightly alkaline to slightly acidic, but 

the hydrothermal fluid is initially strongly alkaline at lower temperatures (- 0-50°C). Taking 

into consideration that neutral pH varies with temperature, it may be as low as 5.5 (Amend 

and Shock, 2ooI), both seawater and fluid are around neutral pH at higher temperatures. The 

pH contrast (!1pH) between the seawater and fluid indicated from the graph is about one unit 

(i.e. ~60 millivolts). The voltage produced from !1pH contrast and !1Eh contrast are 

interdependent but are approximately cumulative. 

Influence of temperature on forsterite and seawater system 

(Table A2, Appendix IB; Figures A6-AlO, Appendix 2) 
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Under the same conditions, I mmol of forsterite, the dominant end-member mineral 

of olivine, is reacted. The minerals stable here are predominantly brucite (Mg(OH)2) with 

small amounts of antigorite (Mg6[Si40IQ](OH)g. Brucite is known to occur in low

temperature hydrothermal veins, and antigorite is another form of serpentine. Although the 

hydrogen fugacity is shown to increase with temperature, its concentration in the seawater 

and fluid are the same, indicating that as expected, forsterite does not promote the production 

of hydrogen: it is the fayalite component which does this. The oxygen fugacity remains 

constant throughout the temperature range tested (Fig A8). This confirms that the fayalite 

reaction must be responsible for the change in 02(g) fugacities in Figure A3. Though the 

oxidation state is indicated to be relatively reduced as in the fayalite model, there is no redox 

aspect to the calculation and is simply a numerical value generated. The pH of the 

hydrothermal fluid is initially slightly more alkaline than in the fayalite reaction, but as in the 

fayalite reaction it drops to about neutral at higher temperatures. 

Influence of temperature on fayalite, forsterite and seawater system 

(Table A3, Appendix IB; Figures AII-AI5, Appendix 2) 

Forsterite and fayalite are introduced into the system in a ratio of 9: I respectively, 

resembling the typical composition of olivine. Brucite, magnetite and antigorite are the main 

mineral products, with brucite the dominant phase. Hydrogen production is favoured at 

lower temperatures. The influence of the fayalite component can be seen by the variations in 

02(g) fugacity. The contrast in oxidation state between the fluid and seawater is - 0.1 V 

higher than the fayalite reaction alone (at lower temperatures). The pH of the fluid is 

initially alkaline but drops to around neutral at higher temperatures (ef Figure 2.20). 

Influence of temperature on fayalite, and seawater system, with 0.0003 bars C02 

(Table A4, Appendix lB; Figures A16-A22, Appendix 2) 

The influence of temperature and current atmospheric C02(g) levels (0.0003 bars) on 

the fayalite reaction is tested. In addition, the fugacities of C~(g) and C02(g) are compared. 

Unlike the systems tested in Table Al and Table A2, the seawater will be slightly acidic due 

to the exchange of CO2(g} from the atmosphere to the seawater. Figure A22 indicates that 

this is so with seawater remaining buffered at pH -5.5 over the temperature range tested. 

Greenalite and magnetite production is influenced little by the low levels of carbon ~ioxide 

present. Hydrogen fugacities in the fluid are unaffected by temperature or low levels of 

C02(g)' At lower temperatures, where the system is reducing, CO2(g} concentrations in the 
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fluid are low (as expected, since CO2(g) is the more oxidised phase of the CHJC02 redox 

couple), while the CRt(g) concentrations in the fluid are correspondingly high. This 

relationship between CHJC02 is reversed for seawater, which is relatively oxidised 

compared to the hydrothermal fluid. The redox contrast seen in Figure A2I is - 0.05V 

greater at 50°C (tlEh - 0.65V) with the presence of CO2(g) 

Influence of temperature on fayalite, and seawater system, with 1 bar CO2 

(Table A5, Appendix IB; Figures A23-A29, Appendix 2) 

With increased concentrations of C02(g) in the model, siderite is stable with quartz 

between -50°C to -100°C, and at lower temperatures between (-0°C-50°C). Magnetite is the 

only stable phase at temperatures above 150°C. Hydrogen production however is hindered 

by the presence of higher C02(g) levels, presumably because CO2 removes Fe2
+ from the 

system. The system remains anoxic, and the CHJC02 relationship is similar to that under 

0.0003 bars of CO2(g)' 

Influence of temperature on fayalite, and seawater system, with 10 bars C02 

(Table A6) 

(Table A6, Appendix IB; Figures A30-A36, Appendix 2) 

At lower temperatures «150°C) quartz and siderite are precipitated, magnetite and then 

graphite at higher temperatures (>I50°C). Hydrogen production is not completely impaired, 

but it can be seen that the system is saturated with CO2, and CO2 is only reduced at 

temperatures above 200°C . 

Influence of temperature on forsterite, CO2 and seawater system, with 0.0003 bars CO2 

(Table A7, Appendix IB; Figures A37-A43, Appendix 2) 

Minerals precipitated are mainly brucite and small amounts of antigorite. No hydrogen since 

no fayalite is present in model. System becomes increasingly reducing as reaction 

progresses, thus methane levels rise. pH ranges from approximately 6-8 at 150°C, but is 

much more alkaline at lower temperatures. 

Influence of temperature on forsterite, CO2 and seawater system, with 1 bar CO2 
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(Table A8, Appendix IB; Figures A44-ASO, Appendix 2) 

Quartz may be stable at lower temperatures (O-I00°C), though at higher temperatures it is 

predominantly magnesite with lesser amounts of antigorite that are stable. No hydrogen 

production is evident. The system becomes increasingly reducing as the reaction progresses, 

as do concentrations of methane. However, there is a decrease of CO2 halfway through the 

reaction at a temperature of -150°C possibly due to the production of magnesite. pH is low 

due to high levels of C02. 

Influence of temperature on forsterite, C02 and seawater system, with 10 bars CO2 

(Table A9, Appendix IB; Figures A5I-A57, Appendix 2) 

Siderite is the dominant mineraI that is stable at moderate temperatures, though at 2S0°C 

only graphite is stable, with minor magnetite. No hydrogen, since no fayalite. As expected, 

there is a substantial decrease in C02 as siderite precipitates. This does not cause a 

corresponding increase in pH. pH contrast remains at about 1.4 units throughout reaction. 

Fluid pH ranges from acidic (3.8) at low temperature, to slightly acidic (5.5) at 300°C (see 

Figure B, Appendix lA) 

Influence of temperature on fayalite, forsterite, CO2 and seawater system, with 0.0003 

bars CO2 

(Table AlD, Appendix lB; Figures A58-A64, Appendix 2) 

Mainly brucite, and minor magnetite and antigorite, Hydrogen production evident at low to 

moderate temperatures. pH ranges from highly alkaline to moderately alkaline. 

Influence of temperature on fayalite, forsterite, CO2 and seawater system, with 1 bar 

CO2 

(Table All, Appendix IB; Figures A65-A71, Appendix 2) 

At low to moderate temperatures, quartz is stable. However, at higher temperatures and 

more C02 magnesite is stable with minor talc, magnetite and antigorite. Hydrogen 

production is evident as before though its generation is not as rapid as in the previous system. 

Methane is also produced. pH change is moderate and the fluid remains acidic. 
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Influence of temperature on fayaIite, forsterite, C02 and seawater system, with 10 bars 

CO2 

(Table AI2, Appendix IB; Figures A72-A78, Appendix 2) 

Predominantly graphite at higher temperature (250°C), some hydrogen produced at low to 

moderate temperatures. System is reduced relative to initial conditions, pH in the acidic 

domain. 

2.7 Conclusions 

This work on iron geochemistry and the olivine-water reaction shows that the 

reaction products ascertained by thermodynamic calculations confirm that hydrogen is 

produced when slightly acidic seawater reacts with olivine-bearing oceanic rock. The model 

confirms that hydrogen production is coupled to the fayalite-water reaction. The basic model 

indicates that under extremely reducing conditions fayalite can be altered to an iron-rich 

serpentine (greenalite), and an iron oxide (magnetite). 

Overall the results indicated that low-temperature «150°C) alteration of olivine rock 

produces serpentine, brucite, quartz, antigorite, and siderite give greater redox and pH 

contrasts. However, higher temperatures and pressures of C02 increase CI-4 production due 

to the lower oxidation state, and smaller redox and pH contrasts, as well as increased 

precipitation of carbonates (e.g. siderite, magnesite) and graphite, and lesser magnetite and 

antigorite 

Up to I bar H2(g) is possible (or -40 mmoles) and at low temperatures when 

seawater reacts with olivine quantities. The hydrogen production does not seem to be 

influenced by temperature (except perhaps kinetically). Berndt et al. (1996) reported 11.5 

mmoles after 48 hours at higher temperatures and pressures (300DC and 500 bar). The results 

also indicate significant Eh (0.85 volts) and pH (4.5 units) contrasts at low temperatures, 

even when CO2 is introduced into the experiments, though with higher concentrations of 

C02 and temperature the redox contrast is reduced and the pH of the fluid passes from 

neutral to acidic (Table lB, Appendix IA). This suggests that significant energy potential 

would be available for emergent Life in the Hadean. Increased iron availability would have 

positive impact on the amount of hydrogen produced. However, increased C02 levels would 

use up any available iron and favour the precipitation of siderite instead unless pH of the 

ocean remains low. 
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Though the systems were varied over a range of temperatures and CO2 pressures, hydrogen 

was produced in significant quantities in most of the tests. Thus its occurrence at 

hydrothermal seepages on the early Earth was very likely if the crust contained significant 

fayalite. In general, the results agree with the findings of Neal and Stanger (1983). Coupled 

with pH reaching as high as 9.5 at low temperatures, additional support for the presence of 

low-temperature, methane and hydrogen-rich, alkaline fluids generated from serpentinisation 

reactions at off-axis ultramafic vent systems as witnessed by Kelley et al. (2001) and 

suggested by MacLeod et ai, 1994; see Chapter 4). Since the results are in excellent 

agreement with observed behaviour in natural systems, it is concluded that the model is a 

successful one and can be extended further if required. 

To understand more about the controls on pH, it would have been desirable to look at 

temperatures above -300°C, as HClo(aq) and some OH-- bearing aqueous complexes are more 

stable above this temperature and would impact on pH (Seyfried et al., 1991). However, the 

thermodynamic data was only valid for up to 300°C and this study is concerned with low- to 

moderate-temperature hydrothermal systems. 
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Chapter 3 - Sulfur and Sulfides and the generation of H2 and HS· 

3.1 Introduction 

" ... the cradle of Life reeked of hydrogen sUlfide ... ", de Duve (1995) 

And so do the laboratories of research groups investigating the origin of Life (much 

to the discomfort of their colleagues). Sulfur, though toxic in some forms and nasally 

unpleasant, is present in living systems today as a minor constituent of fats, body fluids, and 

skeletal minerals. As the comment above by Christian de Duve (1995) indicates, the role of 

iron and sulfur in living systems may be traced back to the very beginnings of Life. Sulfur 

complexed with iron is thought to have been absolutely central to the emergence of Life 

(Russell & Hall, 1997). Perhaps this is because iron and sulfur are unusual elements in that 

they can form a variety of complex structures due to the wide range of valence states and 

variable co-ordination ligands available to them. In support of this notion is the fact that 

iron- and sulfur-reducing bacteria were probably the first organisms that were able to thrive 

in a hot, anoxic and sulfur-rich environment, such as that of the Hadean Earth, as they do 

today in hot sulfur springs in the Yellowstone calderas and deep-sea hydrothermal vents. 

Furthermore, hyperthermophilic Fe(III) reducers were probably among the earliest 

organisms as indicated in the phylogenetic tree of life (Stetter, 1996; Liu et al. 1997; Vargas 

et al. 1998). Important electron-transport reactions in cell metabolism are performed by 

biological catalysts (ferredoxins) which have an iron-sulfur centre. Iron and sulfur enzymes 

are present in prokaryotic membranes today and may also have been constituents of early 

cell membranes. In addition, iron, nickel or other transition-metal sulfides may have played 

a part in the reductive formation of organic molecules from CO2, such as activated acetate or 

pyruvate, that could have initiated a primitive metabolic cycle. 

Another useful form of sulfur, in the form of hydrosulfide, is present in thioesters 

(CH3COSCH3). The role of thioesters (or thiol esters) in early metabolism was emphasised 

by de Duve (1991). Nature currently makes prominent use of thioesters to provide organic 

resonance structures that are energetically favourable in helping to build longer or cyclic 

carbon compounds, especially the thioester, acetylcoenzyme A (CoA-SCO-CH3). This 

behaviour can be attributed to the relative lack of stability of their resonance structures 

compared with ordinary esters, making the carbonyl group in the thioester resonance 

structure more susceptible to nucleophilic attack. In addition, the carbon-sulfur bond of a 

thioester is weaker than an ordinary ester. This makes the S-R functional group in a thioester 

a better leaving group than the O-R group in an ordinary ester. For this reason, thioesters 

make effective acylating agents. Resonance contributions from resonance structures of 
68 



thioesters can also make their a-hydrogens more acidic, thus making thioesters effective 

alkylating agents (Solomons, 1980). The formation of activated organic compounds such as 

esters, thioesters and acetates by carbon oxide reduction, in the presence of iron-sulfide, 

would be able to initiate a primitive autocatalytic metabolic cycle on the early Earth, which 

would resemble the reversed citric acid cycle (Wachtershauser, 1988a; Morowitz et ai., 

2000; Russell and Hall, 1997; Buchanan and Amon, 1990). A further role for iron and sulfur 

has been discussed in an analogy of the Earth as a giant photo-electrochemical cell (Russell 

and Hall, 1997) which proposes that iron sulfide precipitates behave as an electrolyte at 

submarine hydrothermal seepage mounds. 

From the many biological roles of iron and sulfur, such as those cited above, it 

seems reasonable to conclude that iron and sulfur have many roles to play in metabolism. 

Thus, the primary focus of this chapter is to determine thermodynamically the availability of 

the key iron or sulfur compounds, and the energy available from them for the synthesis of 

organic molecules which can be utilised in a primitive metabolic cycle. 

3.1.1 Iron sulfur/hydroxide membranes 

One of the major challenges of origin of Life theories is the abiotic synthesis of 

organic molecules. Friedrich Wohler (1828) is credited as the first to synthesise organic 

molecules from inorganic chemicals by heating ammonium cyanate, N14CNO, made from 

inorganic salts, and obtaining urea H2NCONH2. Since then, major advances have included 

the synthesis of amino acids (Miller, 1953), organic sulfur compounds such as methane thiol, 

CH3SH, (Heinen and Lauwers, 1996), activated thioesters and acetate (Huber and 

Wachtershauser, 1997), and more recently pyruvate CH3COCOO', (Cody et a/., 2000, 2001), 

all via simple inorganic molecules that may have been available on the early Earth. The next 

hurdle which remains to be overcome is to formulate a hypothesis that explains rigorously 

how newly formed organic molecules accumulated in significant concentrations on the 

prebiotic Earth. In addition, for newly formed organic molecules to have any chance of 

polymerisation and stability, the hypothesis would have to include some method of 

preventing dispersion and hydrolysis. The solution to these two problems may lie with iron

sulfide/hydroxide compounds. 

Russell and Hall (1997) developed a theoretical mechanism that explains how these 

problems were overcome. They envisage the spontaneous precipitation of ferrous-nickel 

monosulfide (FeNiS)/ferric oxyhydroxide (FeOOH) bubbles around hydrothermal seepages 

as hot (~150°C), alkaline, reduced hydrothermal fluids encounter the cold, mildly oxidised, 

acidic Hadean Ocean. Minerals likely to be present in such environments include 
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mackinawite (Fel+xS), greigite (Fe3S4), violarite (FeNhS4), mixed valence iron-magnesium 

hydroxides, the double-layered hydroxide greenrust -[(FeII,MghFelll(OH)6]CI, and siderite, 

FeC03 (Russell et ai., 1994, 1998, ; Russell and Hall, 2001; cf. Huber and Wachtershauser, 

1997; Arrhenius, 1986; Eschenmoser, 1994; Kassim et ai., 1982) and may have been 

primitive metabolic catalysts. Such minerals may have assisted in the development of 

complex organic molecules, cell formation, and subsequent cell reproduction (Russell and 

Hall, 1997). Russell and Hall (1997) describe how a ferric/ferrous mineral such as greigite, 

as [2(FeS2) (Fel5+S4)] would, with the help of thiols sequestered from the hydrothermal 

fluid (Heinen and Lauwers, 1996, 1997), resemble the structure of ferredoxins, which also 

have variable valence Fe2+lFe3+ cations and a Fe4S4 centre ligated to various organic 

molecules (cf. Bonomi et ai., 1985). Russell and Hall's ideas are reinforced by the fact that a 

spectrum of iron-sulfur minerals of increasing oxidation state can be found in aqueous 

systems: as amorphous iron(m monosulfide (FeSam), mackinawite (tetragonal FeS), 

pyrrhotite (Fe(l.x)S), greigite (Fe3S4), and the stable pyrite FeS2 (Krupp, 1994; Rickard et ai., 

2001). Ferredoxins have also been suggested to be the first biological catalysts (Eck and 

Dayhoff, 1966; Hall et ai., 1971; Daniel and Danson, 1995). Daniel and Danson (1995) 

argue that primitive (,proto-') ferredoxins probably had a more reduced iron-sulfur cubane 

centre ([Fe4S4f+I+) than modern ferredoxins and would be able to catalyse redox reactions at 

low redox potentials. Further evidence is in the formation of iron-sulfide bubbles at 

hydrothermal seepages, as revealed in the pyritic boytroids found on a fossilised 

hydrothermal seepage mound at Tynagh, Ireland (Banks, 1985). Such iron-sulfide 

boytroidal bubbles would be inflated with medium temperature hydrothermal fluid 

containing dissolved abiotic organic molecules such as formaldehyde (HCOH) and acetates 

(RCOOH) (Shock, 1992a; 1996). Other molecules in the fluid would also include hydroxide 

(OR), hydrosulfide (HS'), thiols (RSH), hydrogen and ammonia. Catalytic transition-metal 

ions of cobalt and nickel, ultimately derived from 400°C springs at oceanic spreading 

centres, were also available in the somewhat acidic seawater. The iron-monosulfide bubbles 

could potentially have performed the most basic bio-cellular functions. For example, they 

could have helped protect and concentrate organic molecules, and acted as primitive 

prebiotic semi-permeable cell membranes allowing selective ion-exchange and energy 

exchange for simple metabolism. In addition, the membrane surface may have helped 

stereospecific orientation of organic ligands for oligomerisation. Furthermore, the 

membranous structure would assist the transport of protons and electrons through the 

membrane, and thus provide the physical setting for a chemiosmotic source of energy 

whereby 'protons' could be translocated from the acidic ocean to the alkaline interiors as 

discussed in the following paragraph. 
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A necessary function of any prebiotic cell would be to maintain the disequilibrium 

(or in other words, a potential difference) that is required for Life, by the maintenance of an 

ion gradient (concentration ratio) between two fluids. For example, a concentration ratio 

(between monovalent ions) of just 10 would generate a membrane potential of 60m V at 27°C 

(Wrigglesworth, 1997). In living systems, a mechanism is required for transporting ions 

across a membrane. Redox reactions coupled to the ion transport process provide one such 

mechanism. Since the ions which are involved in these reactions are often protons, the 

membrane potential that is generated is known as the proton-motive force (pmf). As pH is a 

measure of proton concentration, a pH difference (~pH) between two fluids is a 

concentration ratio of protons which can generate a membrane potential. The ~pH between 

the hydrothermal fluid (pH -9) and seawater (pH -4.5) provides approximately -240 mV to 

contribute to the energy for Life in the Russell-Hall model (one pH unit = -60mV, Garrels 

and Christ (1965». pH experiments with model fluids have demonstrated the precipitation 

of an iron-sulfide (FeS) barrier and the enforced separation of fluids by such a barrier 

(Russell et al., WWW, 2001, Figures ge, 14). The recorded voltages were similar to the pmf 

measured between fluids in living systems. Additionally the experiments demonstrated that 

this pmf can be maintained from a few hours to several days. Redox potentials (~Eh) would 

have resulted from the redox contrast between the mildly-oxidised ocean and highly-reduced 

hydrothermal fluid (~Eh results from the redox contrast between the oxidised Fe3+ produced 

by the photolytic oxidation of Fe2+ in the ocean and the reduced hydrothermal hydrogen from 

the olivine-water reaction described in Chapter 2 (redox couple Fe2+/FenI vs. H$). The 

redox potential ranges from -300 mV to -700 mV across the precipitated membrane and 

contributes to the overall disequilibrium (for example, the iron(II)monosulfide and greigite 

couple, FeSlFe3S4, ~Eh = approx. -0.5 V, at pH 7 and 120°C, Russell et at., 1998). The 

cumulative potentials generated would be more than sufficient to drive cellular metabolism 

(de Duve, 1991). The reader is referred to Russell et at. (1994, 1998) for a more detailed 

description of the chemistry taking place within or on the surface of the membranes. In these 

papers, the catalytic activity of membrane constituents (for example, transition metal ions, 

Fe»Ni>Co, in mineral structures such as mackinawite), and the mechanisms by which CO 

or CO2 may be reduced to organic compounds are discussed in the context of the Russell and 

Hall hypothesis. 

Rickard (1995) has established that although iron(mmonosulfides are initially 

precipitated as cubic FeS in low temperature aqueous conditions, they rapidly crystallise to 

form mackinawite (Rickard, 1995). Mackinawite can then be subsequently oxidised to 

greigite, or further oxidised to pyrite. The catalytic potential of hydrothermal fluid 
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constituents (such as aldehydic carbonyl groups) determine the oxidation state achieved, and 

the amount of greigite or pyrite precipitated (Rickard et at., 2001). Aldehyde adsorption 

prevents H2S oxidation to pyrite because it is the iron and not the sulfur that is oxidised, thus 

producing greigite. In the absence of aldehyde, pyrite is generated, as sulfur but not the iron, 

is oxidised. Thus, bonding of the aldehyde ligands to the inner membrane surface may have 

protected the membrane from being oxidised to pyrite. Concentrated thus it may have 

polymerised and assisted in the eventual organic take-over of the membrane. 

3.1.2 Ferric hydroxides/oxybydroxides 

At low temperatures and near-neutral pH, ferric iron's solubility is minimal (Figure 

2.4, §2.4.1). Oxidation by photolysis would result in the kinetically favoured formation of 

amorphous ferric oxyhydroxides (for example, ferrihydrite, Fe(OHh). One such ferric 

oxyhydroxide, greenrust (Equation 3.1), can comprise a "precipitate-membrane" at high pH 

(Turner, D. pers. comm., 1999). In laboratory simulations of the mixing of early 

hydrothermal fluid using Na2S and early seawater using FeCh (Russell, Hall and Turner, 

1989), the precipitate formed in the resultant alkaline fluid (pH>lO) was analysed by X-ray 

diffraction (XRD). The peaks produced from the XRD analysis matched those of the iron 

oxyhydroxide mineral, greenrust, FeIl2FellI(OH)6CI as well as of mackinawite. Later, it was 

demonstrated that greenrust can catalyse the formation of ribose-2,4-biphosphate from 

glycolaldehyde phosphate and glyceraldehyde-2-phosphate (Krishnamurthy et at., 1999), 

synthesised from formaldehyde. In addition, iron oxyhydroxides have been shown to adhere 

to extracellular polymers of cells of organisms that live off energy from the oxidation of 

ferrous iron in low oxygen environments in the Earth's crust (Barker et at., WWW, 2001). 

The stability of greenrust with respect to redox conditions is examined to provide 

further insights into its behaviour. There are several descriptions of greenrust in the 

literature. Some contain the carbonate group (Fe6(OH)12C03) rather than the oxyhydroxyl 

group (-OOH), one likely formula considering the carbonic nature of the early ocean. The 

general formula of the double layer hydroxide minerals is given in Equation 3.1, 

[M2+ M3+(OH) ~x An-.mH o} 3-x x 6 2 n 
(3.1) 

where m- 4, square brackets denote the main hydroxide layer, and curly brackets denote the 

hydrate interlayer of mono and divalent anions (A" bicarbonate, A2
- carbonate). However, 

the thermodynamic data for the oxyhydroxide greenrust that is to be expected to form in 

strongly reducing conditions were not available. Instead, the data for the carbonate greenrust 

72 



(already present in the database, Figure 3.1) were modified to reflect the oxyhydroxide 

greenrust (Figure 3.2). The molecular weight for the oxyhydroxide (573.1842g, Figure 3.2) 

and the molar volume (158.58cc, Figure 3.2) was calculated. Since the carbonate (Figure 

3.1) was not required to form the oxyhydroxide, it was removed from the calculations 

(Figure 3.2). Two options were available to estimate the equilibrium constant for greenrust. 

The first would be to calculate the constants for each species in the reaction and then 

summing them to give an overall constant for greenrust, but theoretical constants have to be 

supported by experimentally obtained values. Alternatively, the equilibrium constant (as 

well as Fe++ availability) could be varied and the effect on greenrust production in the chosen 

system can be observed. The second option was chosen since the true value of the 

equilibrium constant for greenrust is uncertain. The value of the equilbrium constant for the 

oxyhydroxide was set to that of the carbonate for a temperature of 25°C, thus all experiments 

were limited to this temperature constraint. The new oxyhydroxide was renamed to 

rustgreen to differentiate it from the carbonate greenrust in the database (Figure 3.2) and 

entered into the thermo. com. v8.r6full database. The calculations can now include rustgreen. 

The script for the iron stability diagram (§2.4.1, Figure 2.3) was rerun to read the updated 

database. On completion, the calculations showed that under alkaline and reducing 

conditions, magnetite precipitation is possible but perhaps with some Fe(OHh·. Assuming 

that Fe(OHh" would be unlikely to fonn, it was excluded from the calculations and the script 

was rerun. The results showed that with an equilibrium constant (log K) equal to 42.535, 

STP, rustgreen is likely to be precipitated under certain Eh-pH conditions (Figure 3.4) given 

that Fe(OHi- production is hindered in some way. In further experiments, an increase in the 

value of log K resulted in a decrease of the rustgreen stability field. A decrease in log K 

resulted in an increase in the stability of rustgreen. A log K of 47.54 resulted in no rustgreen 

at all. An increase in Fe++ activity resulted in an increase in the rustgreen field, whereas a 

decrease in Fe++ activity resulted in a decrease in the rustgreen field. 

Greenrust type=carbonate 
formula= Fe6(OH)12C03 
mole vol.= 158.8 cc mole wt.= 599.1788 g 
5 species in reaction 
4.000 Fe++ -13. 000 H+ 

2.000 Fe+++ 
500.0000 500.0000 
500.0000 500.0000 

1. 000 HC03-
500.0000 42.535 
500.0000 500.0000 

12.000 H20 

Figure 3.1. Entry for the carbonate greenrust in the database thermo. com. v8.r6.full. 
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Rustgreen type=hydroxide 
formula= Fe6(OH)14 
mole vol.= 158.58 cc mole wt . = 573 . 1842 g 
4 species in reaction 

4 . 000 Fe++ -14.0 00 H+ 14 . 00 0 
H20 
2 . 000 Fe+++ 

500.0000 42.535 500.0000 500 . 0000 
snn.nnnn snn.nnnn snn.nnnn ':;nn . nnnn 

Figure 3.2. New entry for the oxyhydroxide greenrust, renamed to rustgreen to prevent conflict in the 

modified database, thermo. com. v8.r6foll. 

ACT2 script for Figure 3.4 
1. data = rustgreen.thermo.com.v8.r6.full 
2. swap e- for 02(aq) 
3 . diagram Fe++ on Eh vs pH 
4. log activity main = -6 
5. x-axis from a to 14 
6. y-axis from -1 to 1.5 
7. suppress Fe(OH)3-

Figure 3.3. Input code for the ACTI program, modified from Figure 2.3 by substituting the 

rustgreen. thermo. com. v8. r6foll database. 

1.5 ~-..----r----.----r----r---"----. 

1 

. 5 

-.5 

-1 

+++ 
Fe 

---.,.,----, 
'- .......... 

................. 

'----
.................... 

............. -.... 

Hematite 

...•....•.................•........ 

o 2 4 

Rustgreen 

6 8 
pH 

10 12 14 

Figure 3.4. Stability of minerals and aqueous species in the Fe-H20-C02 system with respect to Eh 

and pH at STP. Total activity Fe++ = 10-6, total activity Si02(aq) = 10-6. Fe(OHl formation suppressed. 

Since the database now includes thennodynamic data for the oxyhydroxide greenrust, 

Figure 3.4 suggests that the oxyhydroxide greenrust (rust green) may perhaps be 

thennodynamically stable at low temperatures (25°C) in alkaline and reduced conditions, but 
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note that magnetite too could be precipitated under a very narrow set of Eh-pH conditions 

(the magnetite field in Figure 3.4 has been slightly enlarged for clarity). However, the 

calculations have thus far not considered the early atmosphere, and the sulfide that would be 

present in hydrothermal fluids. The presence of low to high pressures of CO2 and small 

amounts of sulfide are considered in the Fe-C02-S system in the next section. 

3.1.3 The Fe-C02-S system 

Figure 3.6 and 3.7 display the Fe-C02-S system. The system is identical to the Fe

CO2 system in Figure 2.6 (§2.4.2) except that in Figure 3.6, trace amounts of sulfide are 

added (activity HS· = 10-6), and later in Figure 3.7, sulfide concentration is increased by one 

order of magnitude (activity HS· = 10-\ Pyrite, along with some complex organic iron 

compounds would not be expected to form in reduced conditions, and are therefore excluded 

from this calculation (Figure 3.5). The graph in Figure 3.6 displays possible effects of trace 

amounts of HS· in a system containing iron, carbon dioxide and water. The system is at low 

temperature (25°C) and at low concentrations of CO2 (0.0003 bars). It can be seen that in 

alkaline conditions, troilite (or more likely, pyrrhotite), or perhaps other FeS minerals such 

as greigite or mackinawite (Rickard, 1995) may be precipitated along a possible reaction 

path and it can be seen that siderite formation is somehow inhibited by the presence of small 

amounts of sulfur. Therefore greenrust would be precipitated in preference to siderite at such 

low pressures of C02. Iron sulfates such as melanterite are formed as expected in the more 

oxidising regions, though on an early Earth devoid of oxygen and sulfate their formation 

would be unlikely. 

ACT2 input script for Figure 3.6 
data = rustgreen.thermo.com.v8.r6.full 
temperature = 25 
swap e- for 02 (aq) 
swap C02 (g) for HC03-
swap H8- for 804--
diagram Fe++ on Eh vs pH 
log activity main = -6 
log fugacity C02 (g) = -3.5 
log activity HS- = -6 
x-axis from 6 to 12 increment .5 
y-axis from -.65 to .2 increment .05 
suppress Pyrite Fe(Pent)+ Fe(Prop)+ Fe(Pent)2(aq) 
suppress Fe(But)+ Fe(But)2(aq) Fe(Prop)2(aq) 

Figure 3.5. ACT2 input script for Figure 3.6 modifying the Fe-C02 system in §2.4.2 by including a 
trace amount of sulfide, (total activity HS· = 10.6). Note that pyrite is suppressed as well as some 
complex organics. 
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Figure 3.6. Stability of minerals and aqueous species in the Fe-H20-COr S system with respect to Eh 

and pH at STP. Total CO2(g) = 0.0003 bars, total activity Fe++ = 10-6, total activity HS· = 10-6. Pyrite 

and some complex iron organic molecules suppressed (see Figure 3.5). Melanterite is a hydrated iron 

sulfate, (FeS04.7H20) 
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Figure 3.7. Stability of minerals and aqueous species in the Fe-H20-COr S system with respect to Eh 

and pH at STP. Total C02(g) = 0.0003 bars, total activity Fe++ = 10.0 , total activity HS'= 10'5. Pyrite 

and some organic molecules suppressed (see Figure 3.5). 
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The activities of sulfide used in Figure 3.6 and 3.7 were 10-6 and 10-5 respectively. 

On comparison of Figures 3.6 and 3.7, it would seem that lower concentrations of available 

sulfide mean less FeS. For an anoxic model however, suppression of oxidised components 

such as melanterite, pyrite, goethite, hematite, magnetite, would be appropriate as well as 

higher concentrations of CO2• Taking at least some of these constraints into consideration, 

Figure 3.8 suggests that ferric oxyhydroxides such as greenrust may coexist with iron 

monosulfides at the acid and alkaline boundary where the two fluids meet at the seawater

hydrothermal fluid interface, though these ferric oxyhydroxides in time would convert to the 

more stable hematite. 

1 

.5 
Eh 

(volts) 

o 

-.5 

-1 

Fe+++ 

Fe(OH)3 
Fe++ 

Siderite 
25° C '----,- '-, 
a Fe++ = 10-2 lug cG.2(g) = 10-3.5 (at~C6).---__ 

a HS = 10-8 "'--------
pressed : magnetite, ite, hematite, pyrite 

o 2 4 6 8 10 12 14 
pH 

Figure 3.8. Stability of minerals and aqueous species in the Fe-H20-COr S system with respect to Eh 

and pH at STP. Total CO2(g) = 0.0003 bars, total activity Fe++- = 10-2 , total activity HS-= 10-8• Pyrite, 

hematite, magnetite, goethite and some organic molecules suppressed (see Figure 3.5). Figure 

reproduced from Russell et al. (WWW, 2001). 

In Figure 3.8, the Pourbaix diagram demonstrates how fields of greenrust and 

mackinawite (FeS) are likely to be met as alkaline fluids interface with the acidulous 

ocean. Using Geochemist's Workbench (Bethke 1998), a maximum concentration of 

HS- of -10 millimoles was calculated. Hematite is suppressed to show (FeOH)3, 

which is taken to control Fe-solubility in near surface environments_ Fields of 
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magnetite, Fe304 and siderite, FeC03 are shown. Pyrite, (FeS2) is thermodynamically 

stable but FeS' phases are favoured kinetically (Rickard, 1995) therefore it is 

suppressed. 

3.1.4 Carbon fixation experiments involving transition-metal sulfides 

In many origin of life hypotheses and experiments (Wachtershauser, 1988a, 1998b; 

Hennet et aI., 1992; Russell and Hall, 1997; Russell et a/., 1998; Huber & Wachtershauser, 

1997; Heinen & Lauwers, 1996, 1997; Schoonen et aI., 1999; Cody et aI., 2000, 2001) 

transition metal-sulfides such as iron and nickel-sulfides are used to promote catalysis in the 

effort to reduce or fix inorganic carbon compounds to organic carbon compounds. The most 

impressive are the syntheses by Huber and Wachtershauser (1997) of an activated thioester, 

(CH3COSCH3), with CO and methane-thiol (methyl mercaptan, CH3SH) as reactants in the 

presence of iron-nickel sulfide, and of activated acetic acid from CO and H2S with catalytic 

amounts of selenium. It should be noted that the recent synthesis of the higher energy 

though unstable, pyruvate, by Cody et a/. (2001) is biologically also very significant. 

Wachtershauser (in Huber and Wachtershauser, 1997) claimed the experimental results as 

proof of his surface-mediated chemo-autotrophic origin of life hypothesis (the Theory of 

Surface Metabolism (TSM», a theory he formulated over a number of years 

(Wachtershauser, 1988a, 1988b, 1990, 1992). For this reason, the Wachtershauser work has 

been subjected to much more scrutiny than perhaps other hypotheses and rightly so (de Duve 

and Miller, 1991; McDowall, pers. comm., 1997; Schoonen et a/., 1999). Wachtershauser 

(1988b) claimed that the first metabolists were two-dimensional organisms metabolising on a 

surface such as pyrite (FeS2)' In the theory he postulates, all organic molecules for the 

metabolist were provided from CO2 reduction assisted by the the oxidation of pyrrhotite 

(FeS) to pyrite (FeS2) (better known as Wachtershauser's so-called "pyrite-pulled theory"), 

notionally Equation 3.2, 

2FeS + 2H2S + C02 - 2FeS2 + CH20 + H20 (3.2) 

In fact, Wachtershauser has only managed to reduce CO (Equation 3.3), and not reduce CO2 

as in Equation 3.2 and no pyrite was reported. 

(3.3) 

Later, Wachtershauser (1997) proposed that submarine hydrothermal environments or 

volcanic settings would be ideal environments for the reactions in his hypothesis to proceed. 
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The Theory of Surface Metabolism is novel, visionary, and a fruitful advance on 

organic 'broth' or 'soup' theories, but the 'proofs' offered by Wachtershauser (2000) in support 

of the pyrite-pulled theory are not fully convincing. Furthermore, many of the remaining 

assertions in the Theory of Surface Metabolism have still to be demonstrated. The surface

catalysed reduction of CO2 is purported to have been demonstrated in various experiments. 

However, in a paper by Schoon en et ai. (1999), it is argued that the mechanics of the pyrite

pulled mechanism have never been adequately tested and that only two recent experiments 

have a bearing on the pyrite-pulled mechanism of C02 reduction, referring to the 

experiments published by Keefe et al. (1995) and Heinen and Lauwers, (1996, 1997). In any 

case, it is difficult to envisage a surface mechanism when the products in these experiments 

have been found in the reaction solution or 'broth', rather than on the pyrite surface 

(McDowall, WWW, 1998; as quoted in Russell et al., 1998 website) the "broth" being a 

feature Wachtershauser (1988a, 1988b) ardently rejects as a source of organic molecules in 

his Theory of Surface Metabolism. The theory was also claimed to be suspect from what 

was then understood about surface catalysts (de Duve and Miller, 1991), but others disagree 

pointing out that peculiarities in ligand sphere bonds might help promote a myriad of 

reactions on a pyrite surface (McDowall, WWW, 1998). Other concerns regarding the TSM 

are the lack of relevance of the experimental conditions in the Huber & Wachtershauser 

(1997) study to submarine hydrothermal systems. In addition, Wachtershauser (1988a), 

asserts that the pyrite-pulled mechanism was energetically favourable at room temperature, 

and more so at higher temperatures such as those in hydrothermal environments. 

Wachtershauser's (1988) thermodynamic calculations to substantiate this claim were 

unconvincing, in part due to performing the free energy calculations at STP (25°C I 1 

atmosphere) only, and using what is now believed to be suspect thermodynamic data 

(Schoonen et al., 1999). In light of these discrepancies, the theoretical and experimental 

evidence that Wachtershauser has cited in favour of his hypothesis seem unsatisfactory for 

some critical stages of the Theory of Surface Metabolism. 

Perhaps Wachtershauser's theory of carbon dioxide reduction by a surface 

mechanism has been most convincingly addressed in the thermodynamic evaluation by 

Schoonen et al. (1999). Schoonen et al. (1999) re-evaluate the thermodynamic feasibility of 

the pyrite-pulled reduction of CO2, and attempt to provide an explanation for the results of 

Keefe et al. (1995) and Heinen and Lauwers (1996). Schoon en et al.'s (1999) pretext for the 

investigation stems from the inconsistencies in WachtersMiuser's theory that are outlined 

above. In the next section, Schoonen et al.'s (1999) methods are discussed and investigated. 
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3.2 The reducing potential of the pyrrhotite-H2S/pyrite redox couple 

3.2.1 Schoonen's critique of Wachtershauser's pyrite-pulled hypothesis 

The redox equilibria showing the oxidation of pyrrhotite to pyrite suggested by 

Wachtershauser (1988a, 1988b) can be written as shown in Equation 3.4: 

(3.4) 

Wachtershauser (1998a, 1998b) asserts that the oxidation of FeS to FeS2 in Equation 3.4 is 

the redox reaction that is coupled with, and provides the energy for, carbon fixation for 

formation of activated organic molecules that could be initiated into a primitive metabolic 

cycle. He suggests that reaction 3.4 is favourable at room temperature and would provide 

even more reducing energy at higher temperatures. In contrast, the reduction of C02 by the 

energy available from the pyrrhotite-H2S/pyrite redox couple was demonstrated theoretically 

by Schoonen et aI. (1999) to be difficult at high temperatures and at low activities of H2S(aq), 

but much more facile at low temperatures coupled with high activities of H2S(aq)' 

My objective was to simplify and recast the diagram presented in Schoonen et aI. 

(Figure 3.15b, from Schoonen et aI., 1999), to review their result and conclusion, and to 

compare results of thermodynamic calculations generated by the SUPCRT92 code (Johnson 

et aI., 1992) used in their investigation, with the results obtained by the Geochemist's 

Workbench, GWB (Bethke, 1998). 

3.2.2 Geochemist's Workbench Approach 

Equation 3.4 can be rearranged to show how the reducing potential of the FeS

H2SIFeS2 redox couple can be described in terms of the H2(g) fugacity if H2) of the reaction 

(Equation 3.5). 

apV"hotite .a H S 
fIl2 =' 2 K (3.5) 

a pyrite 

To enable the measurement of the reduction potential of the FeS-H2SlFeS2 redox couple, the 

Geochemist's Workbench (GWB) subprogram 'ACT2' was used to generate fugacity

activity plots (Figures 3.10-3.14) to reflect Equation 3.5. These plots show how both 

hydrogen gas (log f H2(g»), and dissolved hydrogen sulfide (log a H2S(aq») influence the 

distribution of iron and sulfur minerals in an aqueous system (1kg H20) with an activity of 

pyrite = 1 (since activity coefficients for uncharged species are close to unity activity), over a 
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temperature range of 50-250·C. By extrapolating a line from where the log activity of 

H2S(aq) is equal to -3 (-0.001 millimoles, Figure 3.10), it is possible to infer directly from 

each plot the fugacity of H2(g) at the FeS/FeS2 (pyrrhotite/pyrite) phase boundary where 

PeS/FeS2 are at equilibrium (in other words, when reaction 3.4 has gone to completion at the 

specified temperature). Note that the logjH2(g) values in Figure 3.10 and 3.11 are outwith 

the stability field of water. However, this need not be of concern as H2(g) fugacity is only 

being used as a numeric value to measure the reduction potential; it is not implied that 

hydrogen gas will evolve in the amounts shown on the graphs. 

ACT2 script for Figures 3.10 to 3.14 
1. data = thermo.dat 
2. temperature = 50, 100, 150, 200, 250C 
3. swap Pyrite for Fe++ 
4. swap H2(g) for 02 (aq) 
5. swap H2S(aq) for S04--
6. diagram Pyrite on H2(g) vs H2S(aq) 
7. log activity main = 0 
8. x-axis from -9 to 1 increment .5 
9. y-axis from -15 to 2 increment 1 
10.suppress Troilite FeO(c) 

Figure 3.9. ACT2 script for Geochemist's Workbench (Bethke, 1998), used to generate Figures 3.10 

to 3.14. The model reflects the distribution of iron-sulfur minerals with respect to temperature changes 

(line 2). Troilite is suppressed to favour the stability of pyrrhotite in the plots. FeO(c) is suppressed to 

favour stability of magnetite. 
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Figures 3.10 to 3.14. Stabilities of minerals and aqueous species in the Fe-H20-S system with respect 

to the fugacity of H2(g) and activity of HzS(aq)' Total activity of pyrite = 1. Troilite and FeO(c) 

formation suppressed. All diagrams produced using the Geochemist's Workbench subprogram 

'ACT2' and the GWB database thermo.dat (Bethke, 1998). 

In Figures 3.10 to 3.13, the fugacity-activity plots show the stability of iron and sulfur 

minerals in an equilibrated thermodynamic system with respect to hydrogen fugacity (log j 

HZ(aq» and hydrogen sulfide activity (log a HZS(aq» over a temperature range of SO-2S0°C. 

Each model contains lkg H20 and apyrite =1. Stoichiometric FeS (troilite) formation is 

suppressed in favour of pyrrhotite. Pressures follow the boiling curve of water (Appendix 

lA, Figure B). Dotted lines represent the water stability limits (Hz(g/H20(aq) boundary). 

Dashed lines indicate logjH2(g) at the point where log a H2S = -3 (0.001 mmoles). Figure 

3.10 also demonstrates how the PPM triple point (equilibrium point) can determine the 

activity of HZS(aq) and fugacity of HZ(g) by extrapolating a line from the triple point to the 

abscissa. 

In Figures 3.10 to 3.13, a higher value of H2(g) corresponds to a stronger reduction 

potential of the FeS-H2S/pyrite redox couple. Figure 3.10 shows that at SO°C, the fugacity of 

HZ(g) (at the pyrrhotite/pyrite (FeSlFeS2) phase boundary when the activity of H 2S(aq) = 10-3
), 

is approximately 2.25 bar. Log H2(g) fugacity decreases to 1.5, 0.5, and -0.2 bar at 

temperatures of 100, 150, and 200°C respectively. These results are summarised in Figure 

3.l5a. However, at 2S0°C (Figure 3.14), the fugacity of H2(g) at the FeSIFeS2 phase 

boundary (when the activity of H2S(aq) = 10-3) is not available since at this temperature, the 

pyrite/magnetite pair is stable instead. Above 250°C, the reducing power of the FeS

H2SIFeS2 redox couple is lower than the relatively oxidised quartz-fayalite-magnetite and the 

pyrrhotite-pyrite-magnetite redox couples (FMQ and PPM respectively, see Figure 3.15b), 

making the pyrite-pulled reduction of C02 in hydrothermal systems at high temperatures 

difficult to achieve today, and even more so on the early Earth when hydrothermal systems 

were probably controlled by other more reduced redox couples such as FeIFeO (Kasting and 

Brown, 1998). "Only if the formation of iron-oxides, for example magnetite, are kinetically 

hindered would the FeS-H2SlFeS2 couple control the redox state of the system and thus the 

reduction of CO2'' (Schoonen et aI., 1999). The logic behind this statement can be seen in 

Figure 3.14 where at high temperatures (250°C) it is the magnetite/pyrite pair that control 

sulfide activity. Note that hydrothermal pressures were not considered in this study, since 

Schoonen et ai, (1999) also demonstrate that the pressure dependence of reaction 3.4 is 

minimal compared to that of temperature (Table 3.1). Figure 3.1 0 also indicates that at 50°C 

the activity of HZS(aq) at the PPM triple point (the point at which all three lines of pyrrhotite, 
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pyrite and magnetite meet) is ~ 10-7
.
1
• Using the PPM triple point, the activity of H 2S (aq) can 

be seen to increase as temperature increases from 1000e to 250oe, by approximately four 

orders of magnitude to ~ 1 0-2.7• 

2.5 l 

2 -.. ns 1.5 .c -
§ 

1 N 

l: .... 
0) 0.5 
..2 

0 

-0.5 
50 

Reducing Potential of Pyrrhotite
H25/Pyrite Redox Couple 

-- -, 

100 150 200 

Temperature (OC) 

Figure 3.15a. Reducing potential (log !H2) of the FeS-H2SlFeS2 redox couple as a function of 

temperature. Activity ofH2S(aq) = 10-3, total activity of pyrite = 1. 

The results summarised (Figure 3.15a) from Figures 3.10 to 3.14, show that the pyrite

pyrrhotite-H2S redox system is less exergonic (lower fugacity H2) at higher temperatures. 
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Figure 3.15b. Reducing potential (log fi12) of FeS-H2SlFeS2 redox couple as a function of 

temp'~rature. Total pressure = 300 bar. Reducing potentials plotted for 2 concentrations of H2S(nql 

(labelled alllS = 10"1 and GillS = 10.2 ). Curve labelled QFM repre~ents the reducing potential of the 

quartz-fayalite-magnetite assemblage. Curve labelled PPM reprsent~ the reducing potential of 

pyrrhotite-pyrite-magnetite assemblage. Curve labelled COrCH~ indicate~ the fugacity of H2 in 

equilibrium in solution with equal activities of dissolved C~ and CO2, Pigure reproJuced from 

Schoonen et al. (1999). calculated using the SUPCRT92 modelling code (Johnson et (/1 .• 1992). 

Confident that Schoonen et al.'s results from the SUPCRT92 program can be 

replicated, and having verified the integrity of the results obtained by the GWB software, the 

question that remains to be answered in this chapter is: how much sUlfide call be provided by 

a hydrothermal fluid at around 150°C by the oxidation of pyrrilOtite? In the next section the 

availability of sulfur from hydrothermal systems in the Hadean is discussed. 

3.3. Controls on Sulfur Availability 

A possible difficulty for the Russell and Hall (1997) hypothesis is in producing the 

amount of reduced sulfur (in the form of the hydrosulfide, HS ', that is stable in an alkaline 

hydrothermal fluid; see Krauskopf, 1967, p51) that would be available from hydrothermal 

systems in the Hadenn to enabie the formation of an iron-sulfide membrane. For an iron

monosulfide membrane to form at all, and depending on iron concentration, (Macleod et ai., 

1994), laboratory tests indicate that at least 250 miltimoles of hydrosulfide would be required 

1.0 form 'solid' membranous compartments. However, weak iron-sulfide membranes do 
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precipitate using -10 millimoles of Na2S as a model hydrothermal fluid, and FeCh as a 

model seawater (Russell et al., WWW, 2001, Figure 9d). 

3.3.1 Sulfur availability in the Hadean 

On the early Earth, sulfur-bearing gases (amongst others) were exsolved during 

depressurisation and crystallisation of rising magma and exhaled through volcanoes and 

fractures. Since volcanic outgassing from the Earth buffered close to the FeIFeO boundary 

would have contributed more hydrogen sulfide than sulfur dioxide (Farquhar et aI., 2000; 

Walker and Brimblecombe, 1985) to the early atmosphere, further sulfur, ultimately from the 

rocks in the crust itself, would have been introduced as hydrosulfide at an alkaline seepage. 

This is because sulfur is more soluble in slightly alkaline fluids at 250°C and 500 bar, though 

it is limited by iron (MacLeod et ai., 1994; Barnes and Kullerud, 1961; Garrels and Christ, 

1965, p222). An alkaline hydrothermal fluid may well have been able to efficiently leach the 

sulfide whilst flowing through the surrounding rock if the iron is fixed by being hydroxylated 

and/or carbonated. The production of hydrogen from serpentinisation reactions in the crust 

. could have maintained the reducing conditions necessary for hydrosulfide to remain stable in 

sufficient concentrations and be transported to the hydrothermal fluid-seawater interface for 

iron-mono sulfide membrane development. Sulfur may have even have outweighed iron in 

localities where volcanogenic sulfide emanated into the deep sea (Walker and 

Brimblecombe, 1985). 

Dunitic rocks provide estimates for constraining the sulfur content of ultramafic 

rock compositions for modelling. Studies of nickeliferous mineral assemblages in weakly 

serpentinised ultramafic bodies (Eckstrand, 1975), which have been altered by CO2 bearing 

fluids, show that mineral assemblages present as a result of hydrothermal alteration are 

controlled by Fe-related redox mechanisms. These assemblages are characterised by the 

presence of sulfide-rich minerals, for example, metal-sulfides such as millerite (NiS). 

However, studies of strongly serpentinised nickel deposits, reveal a much higher iron sulfide 

content, with minerals such as pyrrhotite (± pyrite), as well as pentlandite «Fe,Ni)9Ss) and 

occasionally heazlewoodite (NhS2) (Eckstrand, 1975; Krishnarao, 1964; Barnes and Hill, 

2000) thus more sulfide may be available. Evidence is also present of the migration of sulfur 

from magmatic sulfide "blebs" within the serpentinised body (Eckstrand, 1975; de Vusse, 

1983), possibly due to a/02 gradient (Frost, 1985), and this may have led to finely dispersed 

sulfur particles within the rock. These "diffuse, sulfide-poor disseminations" (Barnes and 

Hill, 2000) can be within large extrusive bodies of olivine, for example, the Mt. Keith 

deposit in the Agnew-Wiluna Belt of Western Australia, and are a better source of sulfur 
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since they afford more surface area for reactions with hydrothermal fluids. Although these 

findings are helpful in providing constraints for rock models, the availability of sulfide still 

depends on its solubility in alkaline solution. 

3.3.2 Method 

An iron-sulfur stability diagram was created using the GWB (Bethke, 1998) program 

'ACT2' to examine why sulfide availability may be limited (Figures 3.16). In addition, 

water-rock reactions were conducted between a simple Hadean seawater and ultramafic rock 

with troilite, under prebiotic (anoxic) conditions, and tested at various temperatures (50°C-

300°C). The water-rock reaction in Figures 3.17a, 3.17b, and 3.17c involved a sulfide-poor 

ultramafic rock. However, the system described in Figure 3.17a was modified to resemble a 

sulfide-rich ultramafic rock by the addition of more troilite (Figure 3.18). The temperature 

in this system was varied from 50°C to 300°C to help understand how temperature may 

influence sulfur availability (Figure 3.18). In addition, hydrogen and sulfate were added to 

the script to allow the overall redox of the system to be manipulated. More hydrogen makes 

the system reducing, more sulfate makes the fluid acidic (these variables were used to see 

how they influenced the solubility of sulfide in the fluid). The thermodynamic models were 

created using the GWB program 'REACT' (Figures 3.19 to 3.23). Thus, the initial model 

reflects a simple, anoxic, sulfide-poor (Figure 3.17a, lines, 5 and 12 respectively) Hadean 

seawater containing ferrous and magnesium ions (both aFe
2
+ and aM/+ = 10-6

, lines 6, 9, 

Figure 3.17a), flowing through rock representing the diffuse, sulfide-poor olivine body (9 

mmoles forsterite, 1 mmole fayalite, and 0.5 mmoles of troilite). While the second model is 

similar, it uses a sulfide-rich rock (5 mmoles troilite) and the temperature is varied. Plots of 

mineral products, sulfide activity, and total sulfur were generated. The FeS analogue troilite 

(which has an Fe:S molar ratio of 1:1) was used for simplicity since natural pyrrhotite is 

slightly sulfur-rich. 
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3.3.3 Results 

1 

FeO(c) 
o 

Magnetite 
150°C 

Pyrite 

Hematite Maximum a HlS 
/ at C = 10-4.4 -6 

-7 -6 -5 4 -3 -2 -1 

log activity H2S(aq) 

Figure 3.16. Stabilities of minerals and aqueous species in the Fe-H20-S system with respect to the 

fugacity of H2(g) and activity of H2S(aq) at Isoac. Points A, B, C, and D represent different phase 

boundaries that control sulfur activity (log a H2S(aq) , A = pyrite-magnetite, B = pyrite-magnetite

FeO(c), C = pyrite-FeO(c)-pyrrhotite, D = pyrite-pyrrhotite. Produced by the Geochemist's Workbench 

(Bethke, 1998) program ACT2. 

GWB REACT script for Figures 3.17b and 3.17c 
1. data = thermo.dat 
2. temperature = 150 
3. swap 02(g) for 02(aq) 
4. 1 kg free H20 
5. fugacity 02(g) = 1e-40 
6. total mmol Fe++ = le-6 
7. total mmol Si02(aq) = 1e-6 
8. balance on H+ 
9. total mmol Mg++ = le-6 
10. total mmol S04-- = le-40 
11. react 1 mmol of Fayalite 
12. react .5 mmol of Troilite 
13. react 9 mmol of Forsterite 

Figure 3.17a. Reaction constraints for the water-rock reaction between simple anoxic, sulfate
deficient Hadean seawater model and sulfide-deficient ultramafic rock containing forsterite, fayalite 
and some troilite. 
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Figure 3.17h. Mineral stabilities in the Fe-Mg-S-H20 -Si02 system as a function of the amount of 

ultramafic rock (I mmol fayalite, 9 mmol forsterite, 0.5 mmol troilite) added to the system at 150°C. 

Initial fugacity 0 2(g) = 10-40, total [Fej = 10-0 mmol, total [Si02l<aq) = 10-0 mmol, total [Mgj = 10-0, 

total [S02-41 = 10-40 

In Figure 3.l7b, the theoretical reaction products are produced at 150°C when 10.5 mmoles 

of simple ultramafic rock is added to 1 kg of a simple Hadean model seawater. Brucite 

(Mg(OH)z), FeO(c), antigorite (M~8Siz4085(OH)6Z) ' troilite (FeS), and pyrite (FeSz) are the 

fmal reaction products. System is relatively oxidised at 0% and relatively reduced at 100%. 
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Figure 3.17c. Sulfide activity at 150°C as 10.5 mmoles of simple ultramafic rock is added to I kg 

simple Hadean seawater. A, B, and C represent different phase boundaries that control sulfur activity. 

A, B and C correspond to the positions of A, B, and C in Figure 3.16. 

In Figure 3.16, HS- and H2S(aq) are produced at stage A, but then buffered by pyrite

magnetite-FeO(e) at B. At C, HS- and H2S(aq) are buffered by pyrite-FeO(e)-pyrrhotite. Figure 

3.16 demonstrates that in the environment envisaged, sulfide activity (log a H2S(aq)) can be 

controlled by pyrite-magnetite (A), pyrite-magnetite-FeO(e) (B), pyrite-FeO(e)-pyrrhotite (C), 

and pyrite-pyrrhotite (D). To increase sulfide availability conditions need to become 

increasingly reducing (higher fugacity of H2). For example, at point D, sulfur is more 

soluble (higher H2S activity). However, from Figure 3.l7b, we can see that as the water

rock reaction proceeds, magnetite (Fe304) is initially stable. As more rock is added to the 

system, magnetite is transformed to FeO(e) and minor pyrite. At the point where the amount 

of roek reacted exceeds -58 % of its total mass, further addition of the ultramafic rock does 

not produce more pyrite (Figure 3.17b), or increase the quantity of sulfide in the solution 

(Figure 3.17c) There is therefore a progression whereby the activity of H2S(aq) increases, 

though it is buffered by magnetite-FeO{erPyrite (points B, in Figures 3.16 and 3.17a), and 

then by FeO(e)-pyrite-pyrrhotite at points C (Figures 3.16 and 3.17a). Note that pyrrhotite is 

present here in the form of the reactant troilite (it is analogous to pyrrhotite in Figure 3.16). 

The conditions at point D in Figure 3.16 are not achievable because of the stability of the 

FeO(etpyrite-pyrrhotite (troilite) minerals after 58% of the reaction has proceeded (Figure 

3,17b). 
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However, it is evident from Figure 3.16 that a fluid buffered by FeO(c)-pyrite

pyrrhotite cannot exceed an activity of H2S(aq) = 10-4·4 (-5 mmoles). In Figure 3.17c, the 

maximum activity of H 2S(aq) is 0.00013 (-0.13 mmoles), assuming dilute concentrations 

(where activity ~ molarity). MacLeod et al. (1994) generated 0.36 mmoles H 2S(aq) (13 ppm) 

in a fluid buffered by pyrite-pyrrhotite-magnetite at 250°C. It would be preferable to get 

more sulfide for the Russell and Hall (1997) iron-sulfide membrane. To see if it was 

possible to enhance the sulfide concentration in the fluid, the system was modified to be 

sulfide-rich, less alkaline, and more reducing (Figure 3.18, lines 12, 14 and 16). The results 

are presented in Figures 3.19a to Figure 3.24c. 

GWB REACT script for Figures 3.19a to 3.24c 
1. data = therrno.dat 
2. temperature = 50, 100, 150, 200, 250, 300 
3. swap 02(g) for 02 (aq) 
4. 1 kg free H20 
5. fugacity 02(g) = 1e-40 
6. total mmol Fe++ = 1e-6 
7. total mmol Si02(aq) = 1e-6 
8. balance on H+ 
9. total mmol Mg++ = 1e-6 
10. activity S04-- = 1e-40· 
11. react 1 mmol of Fayalite 
12. react 5 mmol of Troilite 
13. react 9 mmol of Forsterite 
14. react 20 mmol of S04--
15. react 20 mmol of Mg++ 
16. react 50 mmol of H2(g) 

Figure 3.1S. Reaction constraints for the water-rock reaction between simple anoxic, sulfate-poor 
Hadean seawater and sulfide-rich ultramafic rock containing forsterite, fayalite and some troilite, under 
reducing and less alkaline conditions as indicated by the increased amount of sulfate and addition of 
hydrogen for the initial system (lines 14 and 16). 

Figures 3.19a-Figure 3.21c show the reaction products produced when 15 mmoles of 

simple sulfide-rich ultramafic rock is added to 1 kg of simple Hadean seawater between 

temperatures of 50°C to 150°C. Brucite (Mg(OH)2), pyrite (FeS2), and antigorite 

(M~8Siz4085(OH)62) are the final reaction products. The system is relatively oxidised at 0% 

and relatively reduced at 100% 
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Figures 3.22a- 3.24c. Reaction products produced at 200°C-300°C when 15 rnrnoles of simple 

sulfide-rich ultramafic rock is added to lkg simple Hadean seawater. Brucite (Mg(OH)2), pyrite 

(FeS2), antigorite (M~8Si2408s(OH)62)' troilite (FeS), and pyrite (FeS2) are the fmal reaction products. 

At 200C, H2S(aq) is the predominant sulfide species. Note the precipitation of MgLSS04(OH) at 250°C. 

System is relatively oxidised at 0% and relatively reduced at 100% 

The immediate conclusion from these graphs is that there is no buffering (i.e. the 

graphs do not level out as in Figure 3.l7c). In addition, pyrite, brucite, and antigorite are the 
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main reaction products. Magnetite, FeO(c), or troilite are not produced in the minerals 

diagrams, indicating that the system is not buffered by them and the reaction conditions 

remain in field of pyrite (Figure 3.16) throughout the course of the reaction. Assuming that 

the final fluid remains alkaline, the total sulfur in the fluid is likely to be present as sulfide 

(Macleod et ai., 1994). At 50°C the sulfur is present mainly as HS-, with little or no H2S(aq). 

At 150°C the total sulfur comprises approximately two-thirds of HS- and a third of H2S(aq)' 

However, at 200°C and above (Figures 3.23b, 3.24b), H2S predominates over HS- indicating 

that the fluid has become acidic and remains so up to 300°C. At 250°C and above the total 

sulfur in the system is contributed by H2S(aq)' 

3.4 Results and Conclusions 

3.4.1 Greenrust 

From the figures in Chapter 2 (Figures 2.6 and 2.7, §2.4.2) and Figure 3.8, it may 

seem that precipitation of siderite before iron monosulfides (FeS, such as mackinawite, see 

Russell and Hall 1997) poses a problem for the Russell and Hall hypothesis, since the 

availability of iron monosulfide for a prebiotic membrane is central to their theory (Russell 

and Hall 1997). The pH conditions imposed by the ocean and hydrothermal fluids will 

determine which is precipitated first. If the early ocean was acidic then HS- will precipitate 

as FeS, or if alkaline, siderite or iron oxyhydroxides will form. In addition to pH, the 

oxidation state will also be an important factor. Note that the boundary between rustgreen 

and troilite indicates that iron sulfides and rustgreen minerals may coexist under similar 

redox conditions (Figures 3.6, 3.7, 3.8). This is a useful result for the Russell and Hall 

membrane which stipulates that both these minerals comprise the membrane structure. Early 

redox environments thus may have promoted the production of ferric oxyhydroxides as well 

as some magnetite. 

Thus, the GWB model provides some interesting insights regarding the stability of 

iron oxyhydroxides in the presence of sulfide and carbon dioxide. The results (Figures 3.6 

and 3.7) indicate that, given the estimated value of log K for rustgreen is -42.54, and in the 

presence of sulfide, the hydroxide greenrust is stable under low-temperature, alkaline, and 

reducing conditions, perhaps with some magnetite or other iron oxide/hydroxide. On 

addition of small amounts of CO2, iron-sulfides such as pyrrhotite (rather than troilite as 

shown), may form (Figures 3.6 and 3.7). Siderite formation is hindered, most likely by the 

presence of the sulfide. An increase in sulfide concentrations favours a corresponding 

increase in pyrrhotite formation (Figure 3.7). The strength of the model (and thus the 

conclusions above) are however very dependent on the estimated value of the equilbrium 
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constant. The formation of rustgreen was very sensitive to a change in the equilibrium 

constant of ±1, with a change of +5 resulting in no formation of rustgreen at all (Figure 3.4). 

3.4.2 Schoonen versus Wachtershauser 

Using thermodynamic calculations, the reduction potential of the FeS-H2SlFeS2 

redox couple for carbon fixation was demonstrated by Schoonen et al.(1999) to be less 

effective at higher temperatures but more facile at lower temperatures and higher activities of 

H2S(aq). The results show that the pyrite-pyrrhotite-H2S redox system is more exergonic (at 

equilibrium and at high fugacity H2) at lower temperatures. This is confirmed by the 

decrease in H2(g) fugacity (or redox potential) with increasing temperature (Figure 3.15a). 

The GWB model was considered to be a success for the following reasons. Though 

Schoonen et al. 's (1999) calculations are for 300 bars pressure, the GWB results calculated at 

much lower pressures agree with SUPCRT92 (Figure 1 n, Schoonen et al., 1999) that there 

is no significant influence to the hydrogen fugacity. The results between GWB and 

SUPCRT92 are very similar (Table 3.1). The ~UPCRT92 results for hydrogen fugacity 

were obtained by extrapolating a line at the required temperature to the the point at which the 

activity of H2S = 10-3 (see Figure 3.15b and Table 3.1). 

Table 3.1. Hydrogen fugacities at 50-200°C buffered by PPM 

Temperature eC) 
50 
100 
150 
200 

GWB pressures (bar) 
1.103 
1.103 

4.7572 
15.5365 

GWB results 
2.25 
1.5 
0.6 
-0.2 

SUPCRT92 results at 300 bar 
2.3 
1.5 
0.6 
-0.2 

Approximate hydrogen fugacities calculated by GWB and SUPCRT92 for the PPM buffer at aH2S(aq) -

10-3 (GWB pressures from Figure 3C. Appendix lA) 

Thus it can be concluded that the result obtained by GWB is in agreement with the 

result obtained using SUPCRT92 (Schoonen et ai., 1999). On comparison of Figure 3.15a 

with the stability diagram presented in Schoonen et al. (Figure 3.15b), it can be concluded 

that the GWB result is obviously less complex. It shows much more clearly that 

Wachtershauser's (1988a) claim that C02 reduction with FeS-H2SlFeS2 would be 

energetically favoured at the higher temperatures typical of some hydrothermal systems to be 

erroneous. 

The increasing influence of the hematite-magnetite buffer over PPM on H 2S(aq) 

stability at higher temperatures is acknowledged by Schoonen et al., (1999). The GWB 

model demonstrates this influence whereas the Schoonen et al. SUPCRT92 model does not. 
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Furthermore, Schoonen et al.'s, calculation are for up to 350°C though PPM buffering is only 

evident at less than 250°C in the GWB model. Thus H2S(aq) values could be erroneously 

extracted from the SUPCRT92 model if PPM buffering is assumed by the reader to continue 

to 350°C. In addition, the GWB model (Figures 3.10 to 3.14) shows how sulfide availability 

is affected by hydrogen fugacity and temperature. However, the SUPCRT92 model does 

have a greater bearing on the influence of PPM on organic synthesis by showing the 

CILIC02 phase boundary (Shock, 1992a; and see Chapter 5). 

Wachtershauser (1988b, 1990, 1992, and 1993) has frequently suggested that the 

reduction of CO2 to form simple organic acids, for example formic acid (HCOOH), might be 

facilitated by reactions such as Equation 3.6 at 25°C in which CO2 is the electron acceptor. 

FeS(pyrrhotite) + H2S(aq) + CO2(aq) ,.: FeS2(pyrite) + HCOOH(aq) (3.6) 

Wachtershauser's (1988) thermodynamic calculations resulted in a negative change in the 

Gibbs free energy. He used his results to suggest that such reactions (with an overall 

negative l1G'r) were thermodynamically favourable. However, experimental evidence has 

shown that the rate of reaction is such that no appreciable amount of organic molecules 

would form (ef Keefe et al., 1995). It is the activation energy that needs to be overcome to 

allow reaction 3.4 to proceed significantly. Schoonen et al. (1999) state that the high 

activation energy is due to the fact that "C02 reduction must involve an energetically 

unfavourable step in which electrons from the valence band of pyrrhotite are transferred into 

the Lowest Unoccupied Molecular Orbital (LUMO) of CO2''. In their study of the energetics 

of similar reactions proposed by Wachtershauser (1992), Schoonen et al. (1999) evaluated all 

possible scenarios in which this step may have been facilitated, but concluded that CO2 is not 

capable of accepting electrons to form formic acid. Huber and Wachtershauser (1997) did 

however succeed in synthesising acetate by using CO. Schoonen et al. (1999) suggest that 

the CO reduction was made easier by the fact that "the energy position of the CO LUMO is 

- 3eV lower than that for C02". Wachtershauser cited the findings of Merlivat et al. (1987) 

as evidence of CO being readily available in hydrothermal fluids today. However, Schoonen 

et al., (1999) point out that Merlivat et al. (1987) had concluded in their investigation that the 

CO detected from hydrothermal fluids was a sampling artefact (as a result of the reaction 

between CO2-rich fluids and the catalytic titanium containers used). Nevertheless, some 

reduction of CO2 to CO is to be expected as volcanic exhalations migrate through lavas 

buffered at the iron/wtistite boundary (Righter and Drake, 1997). Schoonen et al. (1999) do 

offer an explanation as to why Keefe et al. (1995) and Heinen & Lauwers (1996) were able 
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to reduce CO2 to form thiols via a possible CS2 or COS pathway. The LUMO's of CS2 and 

COS are much more accessible to the electrons in the valence band of pyrrhotite than the 

LUMOofC02. 

Figure 3.l5a in this study supports at least part of Schoonen et ai.'s (1999) 

scepticism. However, assessments of Wachtershauser's (I 998b ) idea regarding the 

temperature dependence of the favourability of the coupled reduction of C02(aq) and 

oxidation of FeS(po) requires not only consideration of reaction 3.4, but also of reaction 3.7. 

(3.7) 

Wachtershauser's (1988b) calculations address reaction 3.6 by calculating and summing the 

free energy of formation of reactions 3.4 and 3.7 at STP, thus they do not verify his 

suggestion that, at higher temperatures, reaction 3.6 is more favourable. In addition, the 

kinetics of the reaction are not discussed by Wachtershauser (1998b), it is simply assumed 

that the overall negative free energy of reaction 3.6 will allow the reaction to proceed 

favourably and more so at higher temperatures. Schoon en et ai. (1999, Figure 2) calculated 

the thermodynamics of reaction 3.6, where the thermodynamics of CO2(aq) reduction to 

CH3COOH(aq) are compared to the reducing power of the FeS-H2SlFeS2 redox couple. 

Again, their findings show an opposite trend in the reducing power required to reduce 

CO2(aq) to CH3COOH(aq) and the reducing power of the FeS-H2SlFeS2 redox couple as 

temperatures increase. 

It is concluded here that in light of the numerous discrepancies outlined above and 

elsewhere (de Duve and Miller, 1991; McDowall, 1998), the theoretical and experimental 

evidence that Wachtershauser has cited in favour of his hypothesis seem unsatisfactory for 

some critical stages of the Theory of Surface Metabolism. Schoonen et ai. have made a 

significant dent in the Theory of Surface Metabolism and as yet there is no published 

response by Wachtershauser regarding these results. Schoonen et at. 's (1999) analysis is 

thorough and considers instances where Wachtershauser's mechanisms might be feasible, so 

does not rule them out completely, but deems them to be very unlikely in hydrothermal 

conditions. Schoonen et al. 's investigation also highlights the need for thorough 

thermodynamic evaluations. Some of Wachtershauser's (2000) experiments and statements, 

and some relevant studies by other researchers (Keefe et al., 1995) proved difficult to test in 

the Schoonen et al. (1999) investigation, limited by the availability of thermodynamic and 

other data. Therefore some necessary assumptions had to be made in the Schoonen et al. 

study, making those arguments against Wachtershauser slightly weaker. Further difficulties 
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were also encountered by Schoonen et al. (1999) as Wachtershauser does not specify 

temperature or pH limits for many of the reactions proposed in the Theory of Surface 

Metabolism, making it difficult to verify his statements experimentally. 

3.4.3 Controls on sulfur availability 

Figures 3.10 to 3.14 also indicate that higher temperatures would make greater quantities of 

sulfide available, and higher H 2S(aq) activities provide a greater reducing potential for the 

reduction of CO2• By starting at the triple point of PPM and extrapolating to the abscissa in 

each diagram, it can be seen that the activity of log a H 2S(aq) steadily increases with higher 

temperature. This is another useful result for the Russell and Hall (1997) model where the 

availability of sufficient sulfur for the iron-sulfide membrane is critical. More sulfide is 

'advantageous' to the Russell and Hall (1997) membrane formation model in the need for a 

hydrosulfide-rich solution. Figures 3.10 to 3.14 indicate that the sulfur availability is likely 

to be controlled by PPM. However, sulfur availability can be increased if the environment 

becomes more reducing. The presence of H2(g) as a consequence of the serpentinisation of 

olivine from fluid-mixing with seawater could enhance the reducing potential of such 

environments. 

However, Seyfried et al. (1991) note from their calculations H2S(aq) decreases with 

increasing Cl. Hot spring fluids of seawater salinity are characterised by H 2S(aq) 

concentrations which range from -7 to 9 mmolal (Seyfried et al., 1991) 

The total sulfur achieved in solution remains at about 11 mmolar between 25°C to 

200°C (Figure 3.19c to 3.2Ic). However, at 250°C, the sulfur content is almost halved to 

approximately 6 mmolar (Figure 3.23c). Figure 3.23a indicates that this could be due to the 

precipitation of the mineral Mg1.sS04(OH). However, this is unlikely, as the sulfate stability 

field is not attainable in such reducing conditions. Then at 300°C (Figure 3.24c), the sulfur 

content increases to about 17.5 mmolar. Presumably, all the FeS (troiIite) has dissolved as 

the results show that 5 mmolar troilite produce 11 mmolar sulfur. More sulfur could have 

come from the reduction of sulfate. 

On comparison with laboratory experiments which were conducted by Turner, 

(pers. comm.), where it was determined that at least 25 mmolar sulfide would be needed to 

produce a sulfide membrane capable of maintaining a pH difference, this may seem short of 

the required concentrations, but field evidence indicates that more may be available, perhaps 

from degassing magma at depth. However, sulfur solubility can be increased if the 

environment can become more reducing. For example the presence of H2(g) as a 
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consequence of the serpentinisation of olivine (as demonstrated in Chapter 2) could enhance 

the reducing potential of such environments and increase the availability of hydrosulfide for 

membrane formation (Eckstrand, 1975; Frost, 1985). 
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Chapter 4 - Modern High Temperature Hydrothermal Systems 

4.1 Introduction 

Since the discovery of submarine hydrothermal systems and sulfide chimneys by the 

deep-sea submersible 'Alvin'in 1977 (Corliss et at., 1979), it is understood that hydrothermal 

fluids form today when seawater reacts with mafic (Shanks, 1995), or ultramafic magmatic 

intrusions (Bischoff and Dickson, 1975; Seyfried and Dibble, 1979; Seyfried and Bischoff, 

1981). The depth of knowledge of the geological settings, mechanics, mineralogy and 

chemistry of modem (Corliss et at., 1979; Edmond et ai., 1979; Seyfried and Janecky, 1985; 

Von Damm, 1990; Seyfried et al., 1991; Seyfried and Ding, 1992; Holm and Hennet, 1992; 

Krasnov et at., 1995; Elderfield & Schultz, 1996; Butler et at., 1998; Mottl et at., 1998; Jupp 

and Schultz, 2000; Kelley et at., 2001), and evidence from fossilised hydrothermal systems 

(Nehlig and Juteau, 1988; Alt et at., 1986; Mottl, 1983), is improving steadily with improved 

detection methods and real-time studies in situ. Such information can be used in conjunction 

with theoretical models of Hadean seawater and oceanic crust to make better-informed 

inferences about the physicochemical properties of hydrothermal systems on the early Earth. 

Although venting may occur in a range of tectonic settings along plate boundaries 

(Holm and Hennet, 1992; German et al., 1995), high-temperature vents predominate near on

axis (mafic rock and rock-dominated) hydrothermal systems at fast-spreading ridges, where 

the heat and chemical flux is more focused than the diffuse-flow hydrothermal systems of 

off-axis (ultramafic rock and water-dominated) systems at slow-spreading ridges (Elderfield 

and Schultz, 1996). The metal-sulfide/oxide plumes emanating from the vents of high

temperature systems are typically black in colour and are termed as black-smokers'. The 

temperatures of modem hydrothermal fluids are known to vary from _4°C to -400°C, though 

black-smokers are always 2:350°C. In general, fluid temperatures may be high (~250°C to 

~OO°C), moderate ~150°C to :5250°C) or low ~4°C to :S150°C). The upper limit of 

temperature (§2.2) is controlled by how close the seawater can get to the magma (Figure 4.1, 

H), at pressures between 200 to 400 bars at several kilometres depth (Corliss, 1986, Von 

Damn,1995). pH may range from -3 to 9 and above (von Damm, 1985, Kelley et ai., 2001). 

However, the sampling and accurate determination of heat and chemical flux is still 

problematic (Elderfield and Schultz, 1996), and species concentrations determined from fluid 

samples have to be corrected by considering the relative contributions of the fluids and 

seawater to each sample. For example, many calculations assume all the magnesium in the 

fluid samples is due to the entrainment of ambient seawater (Von Damm, 1990). This can 

introduce errors if seawater-rock ratios are greater than 50, where magnesium is not 
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completely removed from the seawater as it reacts with oceanic rock (Seyfried and Bischoff, 

1979). 

Each expedition of new (Rona et al., 1986; Murton et al., 1994; Kelley et al., 2001) 

or revisited (Baker, 1994; Edmond et aI., 1995) vent fields "expands the range of known 

compositional diversity" (Von Damm, 1990). For example, relatively little was known about 

off-axis vent systems at slow-spreading ridges, where seawater can circulate deeper and react 

with ultramafic peridotites, rather than the mafic basalts at the shallower depths of fast

spreading ridges. Neal and Stanger (1983, 1984) had predicted such systems from their 

studies of serpentinisation in the Oman Ophiolite, and though there was no firm indication of 

the nature of off-axis vent fluids, the geochemical model of Macleod et al. (Figure 6, 1994) 

hinted at the presence of very alkaline fluids at low temperature (:~1 OO°C) generated from 

seawater-rock reactions with ultramafic rocks. Since the commencement of this study, the 

discovery of the Lost City Field vent system, in the North Atlantic, 15 km off-axis of the 

slow-spreading Mid-Atlantic Ridge (Kelley et al., 2001), provided a new insight into 

seafloor geochemistry where ultramafic-hosted vent systems form carbonate and magnesium 

hydroxide chimneys rather than the sulphide chimneys typical of vent systems at fast

spreading ridges, and the fluid properties (40-75°C and pH 9.0-9.8) are close to those 

described by Macleod et al.'s (1994) predictions. Kelley et al.'s (2001) discovery supports 

the notion that on off-axis systems, the heat from serpentinisation reactions between 

seawater and ultramafic rock generate the relatively cool, alkaline, hydrogen-rich fluids and, 

15 km away from the slow-spreading ridge, provide the more stable conditions necessary for 

organic compounds to concentrate (Russell and Hall, 1997). 

If model modem high-temperature springs can be successfully modelled, then the 

possibility of using theoretical seawater and oceanic crust compositions in a similar model to 

establish the composition of Hadean high-temperature springs can then be considered. The 

remarkable agreement between anticipated fluid compositions from geochemical models 

(Mottl and Holland, 1978; Macleod et al., 1994) and sampled fluid compositions (Von 

Damm, 1985, Kelley et al., 2001) provides confidence in this approach. The problem for 

modelling fluid compositions in relation to the origin of Life is that the dominant 

constituents of the oceanic crust and seawater in the Hadean are unknown. This makes it 

difficult to establish the nature and composition of the early hydrothermal systems and their 

fluids. Although high-temperature hydrothermal systems equivalent to modem 'black 

smokers" would have existed in the Hadean, they may have had a different chemistry and 
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chemical interaction with the Hadean ocean water, itself of a different chemistry. Thus, they 

may not have been characterised by 'black smoke' created by iron-sulfide precipitates 

4.2 Modelling the formation and nature of vent fluids. 

The objectives of this chapter were to construct geochemical models using 

Geochemist's Workbench (GWB) to show the formation and nature of modem high

temperature (~300°C), and moderate-temperature (150°C, to compare with high-temperature) 

hydrothermal vent fluids (Figure 4.1) resulting from reactions between cold, oxidised, and 

slightly alkaline seawater with hot mafic and ultramafic rock, and to determine and 

demonstrate the possible mechanism(s) by which they attain their chemical properties. It 

would have been desirable to model modem high-temperature springs at up to 400°C to give 

more confidence in modelling early seafloor hydrothermal systems. However, the 

thermodynamic databases used for this study are only applicable for investigations up to 

300°C. Water-rock ratios influence fluid composition and alteration products, thus the 

models were tested at water rock ratios of 10 and 100. Though it is known that 'black 

smoker' fluids are given their distinctive black colour due to the precipitation of metal

sulfides/oxides on mixing with seawater, this chapter also attempts to model the mechanism 

by which this occurs. 

This exercise was undertaken to understand not only the factors that control the 

chemistry of the hydrothermal fluid, but to compare results generated from the Geochemist's 

Workbench (Bethke 1998) and EQ3NRlEQ6 (Wolery, 1992), and overall, to provide more 

confidence in modelling early high-temperature submarine hydrothermal systems. The 

success of the model will be determined by how close the fluid compositions and mineral 

products match field evidence and laboratory simulations of water-rock reactions (Mottl and 

Holland, 1978; Seyfried and Bischoff, 1979; Seyfried and Dibble, 1980; Seyfried and 

Bischoff, 1981; Mottl, 1984; Janecky and Seyfried, 1986; Seyfried et ai., 1991; Mottle and 

Wheat, 1994), and then the question of whether it is the concentration of magnesium that is 

present in seawater that ultimately determines the pH of the emergent hydrothermal fluid is 

discussed. In particular, whether acidity is due to the Mg2+ content of seawater in convective 

downdrafts producing Mg(OH)2-bearing silicates on hydrothermal alteration of mafic rock 

and thereby releasing protons as in Equation 4.1 (Seyfried and Bischoff, 1981; Seyfried and 

Janecky, 1985; Seyfried et ai., 1991; Seyfried and Ding, 1992; Von Damm, 2000), or 

whether the acidity of hydrothermal fluids is primarily a response to the loss of magnesium 

from the fluid (Seyfried and Bischoff, 1979). 

102 



(4.1 ) 

A complicating factor in modern day measurements, not considered here, is the contribution 

of sulfide oxidation to the generation of protons, as indicated by the production of sulfuric 

acid in Equation 4.2. 

4.3 The Geochemist's Workbench (GWB) Approach 

4.3.1 Method 

(4.2) 

The GWB reaction-path modelling code REACT and the GWB database thermo.dat 

(Bethke, 1998) were used to produce simple models of the chemistry of the acidic and 

alkaline fluids emanating from on-axis and off-axis vent chimneys respectively, as shown in 

Figure 4.1. 

Notional pathway for hydrothermal fluid generation 

Off-axi s vent 
fluid 4-) 5o<t: 

G 

F 

Heat generated from 
serpentinisation of 

ultramafic rock 

Cold seawater 
- 4°C 

oceani c rock 

Hot 
malic rock 

(near magma 
chamber) n 

On-ax is vent 
fluid 350-400oC 

D .. 

Mid -ocean ridg 
spreading cenlre 

Figure 4.1. Diagram showing seawater flow and sequence of events A-G as seawater entering fissures 

in the oceanic crust metamorphoses into a hydrothermal fluid and. healed under pressure. exits near the 

spreading centre (D). or off-axis at G. 

In Figure 4.1 at point A, cold, oxidised, and slightly alkaline seawater enters fissures in the 

oceanic crust. At B, seawater can be heated under pressure to temperatures of ::;400°C by 

magmatically-heated mafic rock, or to -Isoac assisted by serpentinisation of ultramafic rock 

at greater depth at off-axis vent systems (E). As the seawater is heated it rises back up 

through the crust. At C, the original seawater has been transformed into superheated, 

reduced, and acidic hydrothermal fluid, whereas at F, it is a relatively cool, reduced alkaline 
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fluid. At D, the hot, reduced, acidic hydrothennal fluid exits the on-axis vent and remixes 

with cold, oxidised, and slightly alkaline seawater, creating the black-smoker' vent plumes 

and entrained fresh precipitates. At G, the relatively cool alkaline fluids exit into seawater 

but with perhaps clear or 'white' coloured plumes. 

Models representing the reactions occurring between seawater and rock at stages B 

and E in Figure 4.1 were created to produce the hydrothennal fluid at stage C and F 

respectively. To determine the influence of temperature on fluid composition and mineral 

alteration, experiments were conducted at 150aC and 300°C. Two seawater-rock ratios were 

tested (lkg seawater to l00g rock, and lkg seawater to 109 rock) to represent a rock

dominated system and water-dominated system respectively. At water depths exceeding -1 

km, pressure has a negligible effect on pH compared with temperature (see §2.2, and Shock, 

1992a; Schoonen et ai., 1999), thus pressure is not considered in the model. The constraints 

for each system modelled is summarised in Table 4.1 

Table 4.1 Constraints for hydrothermal systems (1-8) 

System Seawater (kg, Table 4.3) Rock (g) Rock Type Initial T eC) Final TeC) 

1 1 100 mafic 4 300 
2 1 10 mafic 4 300 
3 1 100 mafic 4 150 
4 1 10 mafic 4 150 
5 1 100 ultramafic 4 300 
6 1 10 ultramafic 4 300 
7 1 100 ultramafic 4 150 
8 1 10 ultramafic 4 150 

Analytical data obtained from sampled fluids at vents and vent surroundings were 

used to set the concentrations of a range of chemical species present in modem seawater. 

The model seawater was based on the seawater sampled at latitude 21°N East Pacific Rise 

spreading centre (von Damm et at., 1985; Mottl and McConachy, 1990; Butterfield et ai., 

1990; Drever, 1988; see Table 4.2), and is highly oxidised and moderately alkaline. The 

oxidation state of the seawater was constrained to be relatively oxidising by setting the 

activity of 02(aq) to 150 J..lmolal, though oxidation states vary between 30-200 J..lffiolal (Table 

4.2). 

The model seawater in Table 4.3 was equilibrated at 4°C and then reacted with lOOg 

of the mafic rock composition described in Table 4.4, while increasing the temperature from 

4°C to 300°C over the course of the reaction. In addition, pH was set to an initial value (pH 
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= 7.7, Table 4.3) that would closely resemble the slightly alkaline nature of the seawater at 

the seafloor. It is helpful to set an approximate value for pH to reduce the number of 

mathematical operations that are required for the equilibrium values to be calculated. In 

addition, constraints which are too far from equilibrium will prevent the reaction from 

reaching equilibrium. 

An assemblage of minerals (Tables 4.4 and 4.5) were used in appropriate quantities 

to represent the typical composition of mafic and ultramafic rock in the model (forsterite, 

Mg2Si04; fayalite, Fe2Si04; diopside, CaMgSh06; anorthite, CaAhShOg; albite, NaAlShOg; 

and troilite, FeS). 

4.3.2 Reaction modelling constraints 

Table 4.2 End-member Com ositions of Seawater and H drothermal Fluids· East Pacific Rise near 21"N 
mmolal NGS field OBS field Seawater molal NGS field OBS field Seawater 
Na+ 510 432 464 Sr++ 97 81 87 
K+ 25.8 23.2 9.78 Ba++ >15 >7 0.14 
Mg++ -0 -0 52.7 AI+++ 4 5.2 0.005 
Ca++ 20.8 15.6 10.25 Mn++ 1002 960 0.0023 
Cl- 579 489 541 Fe++ 871 1664 0.0034 
HC03- Nla N/a 2.4 Cu+ <0.02 35 0.004 
S04-· -0 -0 29 Zn++ 40 106 0.012 
H2S 6.57 7.3 -0 02 -0 -0 30-200 
Si02 19.5 17.6 0.178 

T("C) 273 350 4 T("C) 273 350 4 
pH (25 "C) 3.8 3.4 7.8 pH (25 "C) 3.8 3.4 7.8 
pH (273 ·C) 4.5 pH (273 "C) 4.5 

Sources: Von Damm et 01., 1985; Mottle and McConaghy, 1990; Butterfield el 01. ,1990; Drever, I 998 

Table 4.3 - *GWB constraints used for 1 kg modern seawater at 4 DC 
Species mmolal Species ,.molal 
cr 541 Sa++ 0.14 
Na· 464 
Mg++ 52.7 
S04- 29 

10.25 
9.78 
2.4 

0.16 
0.087 

Initial pH 7.7 
Initial T (0C) 4 

* All values taken from Table 4.2 

Zn++ 0.012 
AI- 0.005 
Cu· 0.004 
Fe++ 0.0034 
Mn++ 0.0023 
02(oq) ISO 

The water-rock reactions were repeated at 150°C, and again for the reaction between 

seawater and ultramafic rock at 300°C and 150°C (systems 5-8, Table 4.1). The ultramafic 

rock file is described in Table 4.5. 
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4.3.3 Results 

Table 4.4 - Rock composition representing mafic rock 

Forsterite (Mg2Si04) 
Fayalite (Fe2Si04) 
Diopside (CaMgSh06) 
Anorthite (CaAhShOs) 
Albite (NaAlSi30 s) 
Troilite (FeS) 

110g llg 
6.3 0.63 
2.7 
40 
30 
20 
10 

0.27 
4 
3 
2 
I 

Table 4.5 - Rock composition representing ultramafic rock 

Forsterite (Mg2Si04) 
Fayalite (Fe2Si04) 
Diopside (CaMgSh06) 
Anorthite (CaAhSi20 S) 

Albite (NaAlShOs) 
Troilite (FeS) 

IOOg 109 
72 7.2 
8 Q8 
15 
3.6 
0.4 
1 

1.5 
0.36 
0.04 
0.1 

Hydrothermal systems originating from seawater and mafidultramafic rock 

Results for each temperature and type/amount of rock are presented as a series of 

plots. These show the concentration of dominant minerals, dominant magnesium and sulfur 

species, pH and oxidation state of the system as the reaction progresses towards eqUilibrium. 

Although the main objective is to understand the pH of the fluids rather than the 

minerals precipitated, the minerals produced should resemble those observed in the field to 

assess the success of the model, and help to explain possible controls on pH. Thus plots of 

dominant mineral products described in Table 4.6 are also presented. 
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~l>.!e 4.6 - Minerals precipitated in sy.::.st:::e.::m:::s...:i:...-.::.8 _______________ _ 
Mineral Name Group Formula 

Albite Feldspar NaAlSi30 s 
Amesite-14A Silicate M~AI4SizO\O(OH)s 

Anhydrite Sulfate CaS04 

Antigorite Serpentine M~sSi2408s(OH)62 

Beidellite-Mg Smectite MgO.16SAI2.33Si3.670Io(OHh 
Brucite Hydroxide Mg(OHh 

Calcite Carbonate CaC03 

Chalcopyrite Sulfide CuFeS2 
Clinochlore-14A Chlorite MgsAhSi3O\O(OH)s 

Dolomite Carbonate CaMg(C03h 

Epidote Epidote Ca2FeAhShOl20H 

Heulandite Zeolite Bao.06sSro.I75Cao.sssKo.I32Nao.383AI2.16sSi6.8350Is:6 

Magnetite Oxide Fe304 

Magnesite Carbonate MgC03 

Maximum Microcline Silicate KAlSi30 g 

Monticellite Silicate CaMgSi04 

Muscovite Mica KAhSi3OIO(OHh 

Prehnite Smectite Ca2AhShOIO(OHh 

Pyrite Sulfide FeS2 

Saponite-Ca Smectite Cao.16sMg3Alo.33Si3.670Io(OHh 

Saponite-Na Smectite Nao.33Mg3Alo.33Si3.670Io(OHh 

Saponite-Mg Smectite Mg3.16sAlo.33Si3.670Io(OHh 

Sphalerite Sulfide ZnS 

Tremolite Amphibole Ca2MgsSis022(OHh 

MHSH sulfate magnesium hydroxide sulfate hydrate 
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Figures 4.2a -4.6d. Reaction products in the Na-K-Ca-Mg-Mn-Ba-Sr-Zn-Fe-AI-SiOr COr H20-CI-S 

system as a result of the reaction between modem seawater and mafic rock (water-rock ratio = 

IkgllOOg and IkglIOg). Plots show how the equilibrated system changes with respect to mineral 

precipitation and dissolution, magnesium and sulfur concentrations, pH and Eh over two different 

polythermal paths (4°C to 300°C, Figures a and b) and (4°C-150°C, Figures c and d). Figures a and c 

reflect the 10:1 water-rock ratio model, while Figures b and d reflect the 100:1 water-rock model. All 

plots generated using the GWB REACT program and GWB database thermo.dat (Bethke, 1998). Note 

that the ordinate scale on some of the plots above may vary. Logarithmic plots have been used in 

some cases to improve presentation and scale is adjusted to maximise accuracy when reading data 

values directly from plots. Values for neutral pH from 4°C to 300°C can be obtained from the graph in 

Figures A and B (Appendix I A) 
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Figures 4.7a,b,c,d, to 4.l1a,b,c,d . Reaction products in the Na-K-Ca-Mg-Mn-Ba-Sr-Zn-Fe-Al-SiOr 

COr H20 -Cl-S system as a result of the reaction between modem seawater and ultramafic rock (water

rock ratio = lkg/l00g and Ikg/l0g)_ Plots show how the equilibrated system changes with respect to 

mineral precipitation and dissolution, magnesium and sulfur concentrations, pH and Eh over two 

different polythermal paths (4°C to 300°C, a,b) and (4°C-150°C, c,d)_ Figures suffixed with a and c 

reflect the 10: 1 water-rock ratio model, whi le Figures suffixed with b and d reflect the 100: 1 water

rock model. All plots generated using the OWB REACT program and OWB database thermo.dat 

(Bethke, 1996). Note that the ordinate scale on some of the plots above may vary. In some cases 

logarithmic plots were used to improve presentation, and in others, scales were adjusted to maximise 

accuracy when reading data values directly from plots. Values for neutral pH from 4°C to 300°C can 

be obtained from Figures A and B (Appendix lA). MHSH is magnesium hydroxide sulfate hydrate. 
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Table 4.7 Rock-dominated mafic system 

Water-rock ratio 10: 1 Temperature (3000C) Temperature (I 50°C) 

Mineral products mainly Ca-rich smectites, with greater quantity of Ca-rich 

lesser amounts of feldspar, epidote, smectites and feldspar than at 
Figures 4.2a, 4.2c and amphibole, some sulfide 300°C, and lesser amounts of 

anhydrite, epidote, slightly more 

sulfide than at 300°C, no 

amphibole 

Magnesium loss rapid, complete removal at -20% rapid, complete removal at -25% 

of reaction progress of reaction progress 
Figures 4.3a, 4.3c 

Sulfate loss rapid, complete removal at -20%, steady loss, more pronounced at 

sulfide precipitates at higher -65% of reaction progress, 
Figures 4.4a, 4.4c temperatures (-9 mmolal) incomplete (-2.5 mmolal 

remaining) 

pH immediate increase from 7 to 8, initial increase from 7.1 to 8, 

followed by sharp decline to 7 until followed by decrease to 7.6, sharp 
Figures 4.5a, 4.5c Mg2+ is used up, sharp increase to increase at -25% reaction progress, 

7.7, possibly due to loss of sulfate possibly due to calcium loss as 

and calcium as anhydrite prehnite and saponite-Ca 

precipitates, sharp decrease to 7.7 precipitate 

to final pH of 5.8 

Final Eh relatively reduced (-0.3) relatively reduced (-0.3) 

Figures 4.6a, 4.6c 
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Table 4.8 Water-dominated mafic system 

Water-rock ratio 100: 1 Temperature (300°C) Temperature (1S00C) 

MineraI products mainly sulfate and magnesium-rich mainly anhydrite and magnesium-

smectite rich smectite, though overall 

Figures 4.2b, 4.2d concentrations are much less than 

rock-dominated system, 

Magnesium loss slow, incomplete, some slow, incomplete, magnesium 

magnesium remaining (-11 remaining (-21 mmolaI) 

Figures 4.3b, 4.3d mmolal) 

Sulfate loss rapid after -30% of reaction slow, incomplete, -6 mmolal total 

progress to complete removal at sulfate remaining 

Figures 4.4b, 4.4d 100%, some sulfide precipitation 

(-2.5 mmolal), 

pH initial sharp increase from 7 to 7.5, initial sharp increase from 7.1 to 

followed by a gradual decrease to 7.8, followed by a gradual decrease 

Figures 4.5b, 4.5d 4.5 to 5.7 

Final Eh relatively reduced (-0.15) relatively reduced (-0.15) 

Figures 4.6b, 4.6d 
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Table 4.9 Rock-dominated ultramafic system 

Water-rock ratio 10:1 Temperature (300°C) Temperature (150°C) 

Mineral products mainly brucite with lesser amounts mainly brucite and antigorite, with 

of antigorite, magnetite, lesser amounts of magnetite, 

Figures 4.7a, 4.7c magnesium-rich chlorite, and some anhydrite, magnesium-rich 

pyrite and calcite chlorite, pyrite, calcite 

Magnesium loss rapid, though less pronounced than rapid, though less pronounced than 

water- dominated mafic system, water- dominated mafic system, 

Figures 4.8a, 4.8c complete removal at 55% of complete removal at 55% of 

reaction progress reaction progress 

Sulfate loss initially a steady loss, rapid loss initially a steady loss, rapid loss 

after -25% of reaction progress, after -50% of reaction progress, 

Figures 4.9a, 4.9c possibly due to anhydrite possibly due to anhydrite 

precipitation precipitation 

pH immediate increase from 7 to 7.9, immediate increase from 7.1 to 9.9, 

followed by a sharp decrease to 7 followed by a relatively gradual 

Figures 4.10a, 4.10c at -50% of reaction progress, sharp decrease to 8.3 at -60% of reaction 

increase to 8, followed by a progress, sharp increase to 9.3, 

gradual decrease to 7 followed by a gradual decrease to 

8.3 

FinalEh relatively reduced (-0.5) relatively reduced (-0.48) 

Figures 4.11a, 4.11c 
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Table 4.10 Water-dominated ultramafic system 

Water-rock ratio 100: 1 Temperature (30(fC) Temperature (I50°C) 

Mineral products mainly brucite and anhydrite, with mainly brucite and anhydrite, with 

lesser amounts of antigorite, and lesser amounts of antigorite and 
Figures 4.7b, 4.7d some chlorite, pyrite 

Magnesium loss no overall loss, perhaps slight no overall change 

increase 
Figures 4.8b, 4.8d 

Sulfate loss steady loss after -35% of reaction steady loss after -85% of reaction 

progress, probably due to anhydrite progress, probably due to anhydrite 

Figures 4.9b, 4.9d precipitation precipitation 

pH sharp increase from 7 to 8.9 to sharp increase from 7.1 to 9.3 to 

-15% of reaction progress, gradual -15% of reaction progress, gradual 

Figures 4.10b, 4.10d decrease to 5.5 decrease to 6.5 

Final Eh relatively reduced (-0.3) relatively reduced (-0.28) 

Figures 4.11b, 4.11d 

4.3.4 Discussion 

Reactant minerals were dissociated and others precipitated when the model seawater, 

initially at 4°C, was percolated through the mafic crust and heated in the presence of mafic 

rock at 300°C (Figures a and b), and 1S0°C (Figures c and d), and at water-rock ratios of 

10: 1 (Figures a and c) and 100: 1 (Figures b and d). 

The results of the models show the varying concentration of minerals (Figures 4.2a, 

to 4.2d), in particular, the magnesium minerals (saponite-Ca, saponite-Mg, tremolite, 

amesite-14A, beidellite-Mg, see Table 4.6) and sulfur minerals (anhydrite, pyrite) in the 

system, as the reaction proceeds toward eqUilibrium (Figures 4.2a and 4.2b), at water rock 

ratios of 10:1 and 100:1 respectively). 
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The minerals present in the fluid are indicated at the end of the reaction at the final 

temperatures of 300°C and 150°C, the temperatures at which each system is at equilibrium 

(Figures 4.2a to 4.2d and 4.7a-4.7d). To resemble a typical high-temperature black-smoker 

hydrothermal system (relatively high in silicates, silicate-hydroxides, such as smectites, 

feldspar, epidote, kaolinite, and amphibole. The final fluid composition should be low in 

magnesium and sulfate, reduced, acidic, and have a high HS"/S02"4 ratio at 300°C. Minerals 

such as anhydrite (high in sulfate) and pyrite (high in sulfide) should also be precipitated. 

The results are summarised in Tables 4.7 to 4.10. 

Summarising the results by referring to Table 4.6: a water-rock ratio of 10: 1 favoured 

the production of calcium-rich smectites such as prehnite and saponite-Ca, and feldspars 

such as albite (Figure 4.2a). A water-rock ratio of 100: 1 favours the production of the sulfate 

mineral, anhydrite, CaS04 and the magnesium-rich smectite (saponite-Mg, Figure 4.2b). 

The mafic model shows that total Mg2+ and SOl" concentrations decrease as the 

water-rock reaction progresses with increasing temperature. In rock-dominated reaction 

conditions, concentrations of total Mg2+ and sol drop to -0 (Figure 4.3a, 4.3b), but in 

water-dominated conditions (Figures 4.4c, 4.4d) some Mg2+ and SOl" are still present (total 

Mg2+ -21 mmolal, Figures 4.3b, 4.3d, and total SOl" -7 mmolal, Figure 4.4d) in the 

hydrothermal fluid but concentrations drop with increasing temperature. The calculated 

results for the 300°C model correspond closely to measured values given for the black

smoker fluids sampled from the NGS and OBS fields (Table 4.2). 

Total sulfate concentrations (SOl and NaSal) decrease from the initial levels in 

seawater (29 mmolal, Table 4.2) to -0 in the hydrothermal fluid (Table 4.2), with a 

corresponding increase in sulfide, H 2S(aq) from -0 to -10 mmolal (Figure 4.4a), and -1 

mmolal (at a water-rock ratio of 100:1) as the seawater metamorphoses to a hydrothermal 

fluid. More rock (10: I, Figure 4.4a) may produce more hydrogen from the fayalite-water 

reaction during serpentinisation of the rock, and thus may make conditions more reducing 

than in 100: 1 water-rock ratio model (Figure 4.4b), thus allowing more sulfide to form than 

in the 100: 1 rock model. Thus, there is significantly less sulfide stable with mafic rock

dominated system (Figures 4.2b, 4.2d, 4.4b, 4.4d). Against expectation, pH rises, which 

could be explained by the fluid coming into eqUilibrium with the new minerals forming in 

the rock. So with higher water-rock ratios the final fluid is more alkaline. The rock

dominated ultramafic system produces mainly brucite (Mg(OHh) and antigorite, whereas the 

water-dominated ultramafic system produces mainly brucite (Mg(OHh) and anhydrite 

(CaS04). 
118 



4.4 The EQ3NR speciation/solubility code and the EQ6 reaction path code 

4.4.1 Introduction 

GWB and EQ3NRlEQ6 (Wolery and Sleep, 1976) are similar in function and logic, 

but not in appearance. GWB's graphical-user interface is visually more aesthetic and easier 

to use than EQ3NRlEQ6's UNIX command-prompt interface. EQ3NRlEQ6 requires more 

care and effort to prepare and successfully run input files. Though simple codes could be 

written to extract the required data from the large EQ6 output files (one run can produce 

> 100 A4 size pages of data), manual extraction, unit conversions, and plotting of data from 

one run can take hours of valuable time and is prone to human error. With GWB, the user 

can choose from logarithmic or linear plots of, elemental compositions, minerals, gases, 

aqueous species, Eh and pH, and variety of measurement units to choose from, are plotted 

almost immediately. EQ3NRlEQ6 requires considerable skills in the UNIX programming 

language to install and maintain, whereas GWB is available for popular operating systems 

such as Windows and Macintosh which install automatically and technical support is 

available online. There is also an e-mail discussion forum for GWB users. EQ3NRlEQ6's 

technical support is somewhat limited as it is maintained by the academic community at the 

Lawrence Livermore National Laboratory (USA). On the other hand, the cost for the 

EQ3NRlEQ6 codes is substantially less than the GWB code, and the high-level 

documentation describing the equations is useful for the modeIIer to understand how the 

results are calculated. 

The objective of this exercise was to repeat the experiments that were conducted 

using GWB with EQ3NRlEQ6, and then to compare and substantiate results with measured 

and calculated values. Hydrothermal systems were modelled using the EQ3NR speciation

solubility code (Wolery, 1983) and the EQ6 reaction path code (Wolery, 1979). Modem 

seawater was equilibrated at 4°C with the EQ3NR program and then reacted with mafic and 

ultramafic rocks at temperatures of IS0°C and 300°C with the EQ6 program. Experiments 

with GWB were conducted using units of grams (g). Since minerals in the EQ6 code were 

required to be input in units of moles, the mineral composition of the rock was converted 

from grams to moles (mol) for input to the EQ6 reaction-path program (Table 4.11). 
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Table 4.11. Unit conversions for mafic and ultramafic rock 

Formula lOOg No of moles lOOg lOOg 
Mineral Formula Wt. mafic in lOOg mafic ultramafic ultramafic 

(glmol) rock (g) rock (mol) rock (g) rock (mol) 

Forsterite Mg2Si04 140.72 6.3 0.0448 72 0.51 

Fayalite Fe2Si04 203.78 2.7 0.0133 8 0.39 

Diopside CaMgSb0 6 216.55 40 0.1847 15 0.69 

Anorthite CaAhSbOg 278.25 30 0.0923 3.6 0.13 

Albite NaAlShOg 262.27 20 0.0763 0.4 0.Dl5 

Troilite FeS 87.9 0.0114 0.11 

4.4.2 Procedure 

The systems tested with GWB were remodelled using EQ3NR and EQ6. Similarities or 

differences between these results and those obtained from GWB were noted. 

4.4.3 EQ3NRlEQ6 results for seawater and mafic rock 

Table 4.12. Initial and final pH, Eh for systems 1·4 (W-water, R-rock) 

Temp. W/R Initial Final Initial Final 

(0C) ratio pH pH Eh Eh 

W R NBS*, Rat. ** NBS, Rat. NBS, Rat. NBS, Rat. 

(EQ3/6) (GWB) (EQ3/6) (GWB) (EQ3/6) (GWB) (EQ3/6) (GWB) 

4 300 10:1 5.49,5.22 7 5.86,5.58 5.25 0.46,0.49 0.83 -0.35, -0.32 -0.33 

4 300 100:1 5.49,5.22 7 4.34,4.06 4.5 0.46,0.49 0.84 -0.13, -0.09 -0.15 

4 150 10:1 5.77,5.63 7.1 7.43,7.29 6.8 0.65,0.66 0.83 -0.39, -0.37 -0.3 

4 150 100:1 5.77.5.63 7.1 5.21,5.07 5.25 0.65,0.67 0.84 -0.14, -0.13 -0.15 

* NBS (NatIOnal Bureau of Standards) pH and Eh values are extrapolated values from an arbitrarily chosen 
species. 
** abbreviation for rational pH scale. 

4.4.4 Summaries of reaction products· Systems 1·4 

Blank spaces in tables indicate that either the mineral is not available in the database or it is 

not precipitated, but another mineral is precipitated instead (that is, the next supersaturated 

mineral in the system. For example, in GWB, instead of mesolite precipitation, the minerals 

precipitated in its place may be albite and prehnite. 
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Table 4.13 - lOOg mafic rock and modern seawater at 300°C (-) data not available 

Major minerals 

Anhydrite 

Albite 

Epidote 

EQ3NRl6 results (mmoles) Approximate GWB results 

(mmolal) 

23.5 24 

47 

35 

Mesolite Na2Ca2[AhSi301O].8H20 

Prehnite 

32.2 

56.9 

33.6 

5.82 

48.5 

36.3 

77 

4 

70 

I3 

Pyrite 

Saponite-Ca 

Tremolite 

Table 4.14 Experiment 2 - 109 mafic rock and modern seawater at 300 °C 

(-) data not available 

Major minerals 

Amesite-14A 

Anhydrite 

Beidellite-Mg 

Hematite 

Pyrite 

Saponite-Mg 

Major minerals 

Unknown 

Anhydrite 

Calcite 

Cli nochlore-14 A 

Diopside 

Mesolite 

Phlogopite 

Prehnite 

Pyrite 

Saponite-Ca 

EQ3NRl6 results (mmoles) 

2.77 

23.1 

4.24 

1.58 

0.34 

15.6 

Approximate GWB results (mmolal) 

8 

20 

7 

-0 

17 

Table 4.15 - 100g mafic rock and modern seawater at 150°C 

(-) data not available 

EQ3/6 results (mmoles) 

14.7 

21.8 

2.37 

0.288 

0.460 

96.2 

6.67 

18.4 

8.51 

7.72 

121 

Approximate GWB results (mmolal) 

20 

98 

9 
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Table 4.16 - 109 mafic rock and modern seawater at 150°C (-) data not available 

Major minerals EQ3/6 results (mmoles) Approximate aWB results (mmolal) 

Amesite-14A 5.46 

Anhydrite 2.00 

Hematite 1.45 

Mesolite 2.91 

Muscovite 6.02 

Pyrite 8.58 

Saponite-Mg 1.75 

4.4.5 EQ3NRlEQ6 results for seawater and ultramafic rock 

Table 4.17. Initial and final pH. Eh for systems 5-8 

Temperature Waterl Initial Final Initial 

rock pH pH Eh 

ratio 

Water Rock NBS Rational NBS Rational NBS 

4°C 300°C 10:1 5.49 5.22 6.64 6.37 0.46 

4°C 300°C 100:1 5.49 5.22 5.51 5.24 0.46 

4°C 150°C 10:1 5.77 5.63 8.23 8.08 0.65 

4°C 150°C 100:1 5.77 5.63 6.56 6.41 0.65 

1.25 

15 

0.8 

19.95 

Rational 

0.49 

0.5 

0.67 

0.67 

Final 

Eh 

NBS Rational 

-0.47 -0.43 

-0.29 -0.26 

-0.46 -0.45 

-0.28. -0.27 

Table 4.18. Initial and final pH, Eh for experiments 5·8 (W-water, R-rock) (-) data not 

available 

Temp. W/R Initial Final Initial Final 

(OC) ratio PH PH Eh Eh 

w R NBS·, Rat. ** NBS, Rat. NBS, Rat. NBS, Rat. 

(EQ3/6) (GWB) (EQ3/6) (GWB) (EQ3/6) (GWB) (EQ3/6) (GWB) 

4 300 10:1 5.49,5.22 7 6.64,6.37 6.9 0.46,0.49 0.81 -0.47, -0.43 -0.45 

4 300 100:1 5.49,5.22 7 5.51,5.24 5.5 0.46,0.5 0.85 -0.29, -0.26 -0.28 

4 150 10:1 5.77,5.63 7.1 8.23,8.08 8.25 0.65,0.67 - -0.46, -0.45 -
4 150 100:1 5.77,5.63 7.1 6.56,6.41 6.5 0.65,0.67 0.84 -0.28, -0.27 -0.27 
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4.4.6 Summaries of mineral products - Systems 5.8 

Table 4.19 - 100g ultramafic rock and modern seawater at 300 °C 

Major Minerals EQ3/6 results (mmoles) Approximate GWB results (mmolal) 

Anhydrite 20.2 20 

Antigorite 18.8 37 

Brucite 133 135 

Calcite 2.15 2 

Clinochlore-14A 13.8 13 

Magnetite 27.0 27 

Monticellite 36.7 37 

Pyrite 7.96 8 

Table 4.20 - 109 ultramafic rock and modern seawater at 300 °C (-) data not available 

Major Minerals EQ3/6 results (mmoles) Approximate GWB results (mmolal) 

Anhydrite 10.4 16.5 

Antigorite 1.99 3.5 

Brucite 16.7 18.5 

Clinochlore-14A 1.38 1.5 

Hematite 4.21 

Pyrite 0.485 -0 

MHSH(Mgl.s) 4.5 

Table 4.21- 100g ultramafic rock and modern seawater at 150 °C 

(-) data not available 

Major Minerals 

Unknown 

Anhydrite 

Antigorite 

Brucite 

Calcite 

Clinochlore-14A 

Magnetite 

Pyrite 

EQ3/6 results (mmoles) 

12.8 

17.4 

18.8 

172 

2.39 

13.7 

17.7 

10.4 
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Approximate GWB results (mmolal) 

17 

37 

175 

2 

17 

20 
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Table 4.22 - 109 ultramafic rock and modern seawater at 150°C 

(-) data not available 

Major Minerals 

Anhydrite 

Antigorite 

Brucite 

Clinochlore-14A 

Dolomite-ord 

Hematite 

Pyrite 

4.5 Conclusions 

Mafic system 

EQ3/6 results (mmoles) Approximate aWB results (mmolal) 

6.93 12.6 

1.99 

14.6 

1.38 

1.16 

3.86 

1.18 

3.16 

15.9 

1.99 

The production of the MgOH-bearing silicates (saponite-Ca, saponite-Mg, tremolite, 

amesite-14A, beidellite-Mg) together with the decrease in Mg2+ concentration, sulfate/sulfide 

ratio and pH and Eh (in Figures 4.2a to 4.6d), indicated that the model behaved correctly in 

showing that Mg2+ in seawater is converted to minerals containing magnesium hydroxides, 

and that the fluid is relatively reduced compared with seawater (Initial Eh is approx. +0.8 V, 

whereas final Eh is -3.2 V for the 10:1 water-rock model, and approx. -1.4 V for the 100:1 

water-rock model), and neutral to acidic (final pH is -5.8 for 10: 1 water-rock model, and -

4.5 for the 100: 1 water-rock model). 

The computed levels of total Mg2+ and sol (Figures 4.3a, 4.3b, and Figures 4.4a, 4.4b) 

generally agree with the measured values given in Table 4.2: the lower the water-rock ratio 

the lower the Mg precipitation. The loss of sulfate from the seawater appears to be 

predominantly due to the formation of anhydrite during the water-rock reactions and in the 

case of sulfide formation is indicative of the thermal abiogenic reduction of sulfate (Figures 

4.4a to 4.4d). In the model, the sulfide concentration is approximately 9 mmolal at 300°C. 

However, the sampled fluids have a slightly lower concentration of sulfide (6.6 mmolal) at 

273°C, and 7.3 mmolal at 350°C. Seyfried and Bischoff (1979) argue that at IS0°C and a 

water-rock ratio of 10, magnesium in seawater and calcium in the rock undergo exchange 

reactions. Ca passes from mafic rock to the final fluid (Mottl and Holland, 1978) to balance 

the ion charge. Once all the magnesium has removed all the Ca, there is an excess of 

magnesium at higher water rock ratios. Iron and magnesium-rich smectite were the major 

products. The pH is lower due to magnesium silicate precipitation. Temperature also affects 
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magnitude and direction of each change. Seyfried and Bischoffs (1979) final pH at 150°C 

were 5.5 and 5.6 after an initial decrease. 

Seyfried and Bischoff also state that at temperatures above 200°C is from the precipitation of 

anhydrite from seawater. Anhydrite does not precipitate out of seawater at <150°C, therefore 

the assumption is that anhydrite precipitation at >150°C is mainly from the Ca in the basalt 

used in their experiments. 

Overall, the ratio of sulfate to sulfide shown at equilibrium however, is reasonably correct 

with respect to the values given in Table 4.2. Initial and final concentrations may vary by a 

few mmolal, but it is the magnitude of the increase and decrease in concentrations that are 

particularly relevant here. However, we cannot be sure that the concentrations of species 

present during the course of the reaction path reflect the real system, since a real system 

would be maintained at disequilibrium, thus intermediate values of the real system are not 

calculated. 

On comparison with H 2S(aq) values from the NOS and OBS fields (6.57 and 7.3 mmolal 

respectively, Table 4.2) the sulfide concentration in the model (Figure 4.4a) is slightly higher 

than expected. Figures 4.4a and 4.4b indicate that the oceanic crust is a major sulfur sink. 

The Mg and H2S content of the black smoker model fluid agreed with the measured values 

of Von Damm, 1985. The pH decrease in the model is appropriate, as seawater is initially 

slightly alkaline, and black-smoker hydrothermal fluids typically acidic. The final pH value 

(pH -5.8) agrees closely with observed values. To answer the question whether pH is 

dependent on the concentration of magnesium which is present in the original seawater, we 

can see that the curves showing the rate of depletion of magnesium in Figures 4.3a and 4.3b 

corresponds to a general rate of decrease in pH in Figure 1.4. Although some sulfates might 

be expected in an acidic solution, the reducing conditions ensure that H 2S(aq) is the dominant 

sulfur species at the end of the reactions (Figures 4.4a and 4.4b). Some HS04- (bisulfate) 

may persist in higher water-rock ratios 100:1. Figure 4.7b suggests MHSH as an alteration 

product. However, temperature-induced precipitation of anhydrite and MHSH from 

seawater, rather than alteration of rock, were evident in peridotite-seawater experiments at 

300°C, except when Ca reached high enough concentrations in solution to replace MHSH 

with anhydrite (Janecky and Seyfried, 1986). 

The decrease in pH and Mg2+ is related to the precipitation of Mg(OHh minerals as the 

seawater is converted to the hydrothermal fluid. 
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The initial rises in pH are most likely caused by reaction and dissolution of minerals possibly 

due to the rising temperature during the course of the reaction. However, during the course 

of the reaction, pH rises again sharply several times whereas the concentration of Mg species 

continues to decrease. This could be explained by the fluid coming into equilibrium with the 

new minerals forming in the rock. The pH is also dependent on the water-rock ratio. At the 

same temperature, pH is lowered as more rock is reacted with aqueous fluid. Lower pH is 

attained with low water-rock ratio at high temperature. When the seawater comes into 

contact with the mafic rock, the seawater rapidly transforms from being highly oxidised to a 

highly reduced fluid. With 100 g of mafic rock reacted up to a temperature of 150°C, the 

final value of the pH is the same as with half as much of the same rock reacted at the same 

temperature. For the ultramafic system, brucite (Mg(OH)2) is the dominant precipitate with 

some antigorite at a seawater-rock ratio of 10:1. However, it is mainly brucite (Mg(OH)2) 

and anhydrite (CaS04) at the seawater-rock ratio of 100: 1. The final pH of the fluid 

produced from ultramafic rock is higher (pH 6.5) than the final pH (pH 5.25) of the fluid 

produced from a similar amount of mafic rock reacted over the same temperature range 

(Figure 2.4). Thus the results shows that ultramafic rock influences pH differently and 

becomes more alkaline at an early stage and less acid at a later stage. This behaviour adds to 

the possibility of a relationship between magnesium concentrations in the rock and fluid pH 

(that is, the magnesium bearing rock cannot accept even more Mg by replacement). Seyfried 

et al. (1991) suggest that the pH(25"C) is a direct result of the dissociation of H+ and OH

bearing aqueous complexes species which are more stable at elevated temperatures and 

pressures than at STP (25°C 11 atmosphere), and that at temperatures below 300°C, pH(25°c) 

is characterised by high values owing to the relative lack of HClo(aq) at these temperatures 

and the existence of slight but nevertheless still significant amounts of OH- bearing species. 

On comparison of the EQ3NRlEQ6 results, overall they are very similar, though there are a 

few discrepancies. They show that the initial Eh and pHs are low for the EQ3NRlEQ6 

model compared with the GWB model. In the EQ3NRlEQ6 model, the initial redox state is 

required to be set by a redox couple (Wolery and Daveler, 1992), in this case, the Cu2+/Cu+ 

couple. The Eh was not directly specified at the start of the reaction in the GWB model and 

thus the initial Eh and pH values are different. The final Eh and pH values are however in 

very good agreement since the system is rock-dominated and therefore not really affecting 

the final Eh and pH of the system. In addition, the GWB database is lacking in some 

important minerals as can be seen by the number of blank entries in the tables. However, the 

final mineral assemblage is similar, but intermediate stages might well be disimilar. The 
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model may be improved upon by constraining the initial redox directly (for example, setting 

the initial Eh) or indirectly with a redox couple (for example, 02(aq/H20). 

In general, the results indicate that the lower the water-rock ratio the lower the Mg 

precipitation. This agrees with Seyfried and Bischoff's (1979) experiments that water-rock 

ratios greater than 50 do not allow complete removal of magnesium from seawater. 

Black smokers require anhydrite precipitation (none in Hadean) and anhydrite precipitation 

requires alkalinisation. However, the Hadean ocean may well have been acidic due to high 

levels of CO2. But it is possible that 400°C springs of similar chemistry would have existed. 

The downside of the results are that for l00g and 109 of rock reacted, the pH results at same 

temperatures don't make much sense, they should be the same after 10% of reaction progress 

with 109 of rock and with 100g rock, and this is clearly not the case. 

In addition, the models are equilibrium models and are thus limited in that the intermediate 

reaction paths are not verifiable (Bethke, 1996; p48). Many of the intermediate water-rock 

reactions would not proceed to completion at such low temperatures. 

An alternative approach would be to heat the seawater to 150°C and 300°C on its own first 

then react it with the rock and see how this affects the results. 

Another idea would be to obtain data for lower or higher temperature black smokers (and 

lower water-rock ratios) and see if their chemistry will also agree with reaction modelling 

results. If so, reaction modelling could be used to predict/extrapolate the fluids history/path. 

The 300°C hydrothermal fluid produced in the model (seawater and mafic/or ultramafic 

rock) could also be reacted with iron-rich Hadean Ocean (equilibrated with 10 bars CO2) to 

investigate the hydrothermal system that would result. 

To determine whether pH is therefore independent of mass of rock reacted, further tests with 

different masses of rock may be required to be confident in making a statement about this. If 

so, this would strengthen the argument for the relationship between Mg2+ and pH. 

Other weaknesses in the model could be that the values in Table 4.2 may be unreliable due to 

the difficulties in sampling, measuring overall Eh, and in electrode poisoning by mineral 

particulates. 
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Chapter 5 - Mineral Buffers 

5.1 Introduction 

Groups of minerals in the Earth's crust that coexist in thermodynamic equilibrium 

with respect to each other (and any fluids or gases that may be present) are known as mineral 

assemblages. Some assemblages can act as buffers controlling gas fugacities. The influence 

of minerals in the crust range from buffering the redox states and activities of the fluids and 

gases that surround them (Shock, 1992a), to serving as chromatographic media r:vv ashington, 

2000). In surface sediments or hydrothermal systems, minerals may act as catalytic surfaces 

to remove activation energy barriers for organic synthesis r:vvachtershauser, 1988a; Huber 

and Wachtershauser, 1997; Huber and Wachtershauser, 1998). The composition of the crust 

varies with depth and in the degree of its metamorphic alteration from its original igneous or 

sedimentary composition. Thus, the group of minerals that are involved in buffering a fluid 

or gas depends on the path which the fluid or gas is taking through the crust (Shock, 1992a). 

The presence of certain mineral assemblages can remove (or introduce) kinetic barriers for 

local aqueous geochemical reactions that can then proceed via alternative reaction pathways 

and thus allow organic compounds to form in environments previously thought to be 

unsuitable for organic syntheses. It is for these reasons that mineral buffers feature strongly 

in origin of Life theories and experiments when considering the potential for organic 

synthesis from hydrothermal fluids. However, it should be made clear that the minerals 

themselves are not always used in experimental work. Experimental results may be 

compared to the theoretical fugacity of a gas or the activity of an aqueous species fixed by a 

particular mineral assemblage or even a theoretical one. Geochemists often use the 

calculated redox power of a theoretical mineral assemblage to provide activity or fugacity 

values as reference points and to predict whether a reaction can proceed under certain redox 

conditions. 

The driving force for organic synthesis is the energy harnessed from the redox 

reactions occurring between an assemblage of interdependent minerals present in the early 

crust. The mineral assemblage of pyrrhotite, Fet-xS; pyrite, FeS2; and magnetite Fe304 

(denoted PPM), has been used extensively to control experimental conditions such as redox 

states and sulfur activities and conversely, sulfur activities can be controlled to buffer the 

reducing power of PPM. (Frost, 1985; Shock and Schulte, 1988; Seyfried et at., 1991; 

Hennet et ai., 1992). These minerals or close analogues, for example marcasite 

(orthorhombic FeS2) instead of pyrite (Krasnov et ai., 1995) are present in anoxic, but acidic 

environments (Table 2.1, § 2.4.1) such as the vent chimneys, plumes and mineral deposits of 
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sedimented submarine hydrothermal systems (Duckworth et al., 1995; Butler et al., 1998; 

Krasnov et al., 1995). Pyrite and magnetite are also abundant in deeper sections of the crust 

but Occurrences of the iron monosulfides, pyrrhotite (slightly S-rich, Fel_xS) and troilite 

(stoichiometric FeS), are more sporadic. Marcasite and pyrite are the most abundant iron 

sulfide minerals found in ancient sediments, and marcasite is reported to be present in 

modem vent systems (Krasnov et ai., 1995). 

Native metals such as Ni and Fe and their alloys can promote geocatalysis, but 

conversely some minerals can introduce energy or chemical gradients, preventing magmatic 

gases such as CO2 from being reduced to CI-4 on cooling. This kinetic hinderance' gives the 

opportunity for many metastable states of organic molecules to exist in hydrothermal fluids 

(Shock, 1992a; Seewald, 2001). For example, dissolved CO2, escaping during magmatic 

cooling or from fluid inclusions (Chivas et al., 1987; Gerlach, 1989a; Sakai et aI., 1990; 

Biellmann et ai., 1993; Von Damm, 2000; Lowenstern, 2001), is prevented from reaching 

stable equilibrium with CI-4. Organic reaction intermediates can then remain stable in the 

reaction fluid as long as the temperature, pH and redox conditions remain constant. 

Evidence for this comes from isotopic studies which show that for the C-H-O system at 

temperatures above 500°C and conditions buffered by PPM, C02 is the only stable form of 

the carbon redox couple CHJC02 that can exist (see Shock, 1992a). As escaping C02 

moves towards the surface and temperatures in the crust begin to fall below 500°C, some 

CO2 would normally be reduced to CI-4. However, the reduction to CH4 is hindered by the 

oxidising conditions (kinetic barrier) the gas meets as it approaches the surface. If CO2 

cannot be reduced to CI-4 then alternative C-O-H molecules may form. These metastable 

molecules may include biologically important inorganic molecules such as acetates 

(CH3COO-). Further indications of the possible existence of metastable organic compounds 

are in the studies of organic compounds derived from sedimentary basin brines and 

modelling of oil reservoirs. These showed that CI-4 did not exist in the metastable state, thus 

providing further support for the existence of alternative C-H-O compounds (Shock, 1992a; 

and references within). Of course these molecules need to remain stable for as long as it 

takes for chemical evolution to occur. Fluids can be trapped and buffered in some 

hydrothermal systems for up to 104 years (Cathles, 1990). This is thought to be sufficient 

time for polymerisation and concentration to occur, and for some kinetically slow reactions 

to drive to completion. 

The absence of redox control imposed by buffers in many experiments indicates that 

many conclusions from previous investigations, and the subsequent extrapolation of 
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experimental results to natural systems, now bear a high degree of uncertainty. This is 

because important environmental variables, such as oxidation state and sulfur activities, were 

not buffered at geologically reasonable values (Shock, 1990a; Seewald, 2001). As indicated 

above, the minerals pyrite, pyrrhotite, and magnetite (PPM) are assumed to control the redox 

state of hydrothermal systems and their fluids at the crust and seawater interface. At greater 

depths within these systems, it is assumed that the fayalite (Fe2Si04), magnetite, and quartz 

(Si02), or FMQ assemblage has the major influence in buffering reactions and controlling 

reaction rates in the crust today (Shock, 1990a). On a prebiotic Earth, if heavy bombardment 

of the early crust by iron-nickel meteorites is contemplated, such impacts would have 

increased the native iron and nickel content of the crust, thus rendering the crust more 

reducing than it is today (Righter and Drake, 1997). Meteoritic dust may also have 

contributed iron and nickel to the Hadean ocean (Kasting and Brown, 1998), Recent 

evidence from Archaean amphibolites suggest that primitive magmas may have been up to 

30% richer in Fe than today; the ferropicrites of Francis et al. (1999). The crust at near

surface depths may then have been controlled by i) the relatively more reduced FMQ mineral 

assemblage rather than PPM (Canil, 1997; Kasting and Brown, 1998); ii) the even more 

reducing iron-wiistite (IW) assemblage (Saxena, 1989; Righter and Drake, 1997); or perhaps 

iii), the awaruite-pyrrhotite-pentlandite-(± magnetite) assemblage (Eckstrand, 1975). 

Awaruite (NhFe) is a truly native nickel-iron mineral in that it is of terrestrial origin, and it is 

commonly found in placers. It is associated with rocks such as serpentinised peridotites and 

dunites which are of oceanic origin. Its formation is thought to take place during 

serpentinisation (by reduction of nickel-bearing silicates or sulfides with nascent hydrogen as 

a possible reducing agent), and at low temperatures (Krishnarao, 1964; Frost, 1985; 

Eckstrand, 1975). Obtaining theoretical values of the redox power of the awaruite

pyrrhotite-pentlandite-(± magnetite) assemblage would be useful since it would allow the 

production of a model perhaps more representative of the early crust. 

5.2 Objectives 

This chapter evaluates the proposition that mineral assemblages provided a 

ubiquitous source of energy to drive organic synthesis (by reducing CO or C02 to activated 

metastable organic compounds) in and around early hydrothermal systems (Neal and 

Stanger, 1983, 1984; Shock, 1992a; Hennet et al., 1992; Russell and Hall, 1997). The ability 

of the Geochemist's Workbench (GWB, Bethke, 1998) code to evaluate a variety of mineral 

assemblages that may have been present on the early Earth is tested. Assemblages which are 

reducing relative to PPM are evaluated for their influence on carbon redox eqUilibria. To 

validate the results obtained by thermodynamic eqUilibrium calculations in this study, the 
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work of others (Shock, 1992a; Schoonen et ai., 1999) were frequently referred to. The 

information obtained may be used to provide geochemical constraints when considering the 

influence of a more reducing crust in the production of key prebiotic molecules. 

5.3 Methods 

A series of experiments were devised to investigate the relative reducing potentials of 

selected mineral assemblages and their influence on the equilibria of carbon redox couples. 

Here, the relative reducing potential of each mineral assemblage is considered in a system by 

measuring its ability to buffer oxygen to various fugacities over a temperature range of O°C 

to 300°C. Their position is then used to predict the most likely stable carbon redox couple 

that could exist in a more reduced crust in the Hadean. Oxygen fugacity (log! 02) is used as 

a measurement variable to calculate relative redox potentials and its use is not an indication 

of 02 fugacity levels in the early crust. 

Thermodynamic data, equilibrium equations and parameters for all calculations were 

obtained from the LLNL database thermo. com. v8.r6.full (Delaney and Lundeen, 1990) and 

the GWB database thermo.dat (Bethke, 1998). Oxygen fugacities were calculated from 

eqUilibrium constants (K) of the equilibria in Table 5.1 and Table 5.2 over a temperature 

range of O°C to 300°C. The selected mineral and carbon equilibria shown in Tables 5.1 and 

5.2 respectively were evaluated using the GWB code. Assemblages evaluated include 

hematite-magnetite (HM), nickel-bunsenite, (NilNiO), pyrrhotite-pyrite/magnetite (PPM), 

fayalite-magnetite/quartz (FMQ) and ironlwUstite FelFeO, corresponding to the equations in 

Table 5.1. Note that mineral assemblages and carbon redox couples are generally written in 

the convention such that the relatively reduced species appear on the left. 

Thermodynamic data for NiO were obtained from the NiO analogue bunsenite. 

Thermodynamic data for wiistite were obtained from the FeO entry in the database. The 

assemblage FMQ/graphite could not be evaluated due to the inability of the modelling code 

to incorporate graphite into the FMQ equation (Equation 5.4). Thermodynamic data was not 

available for awaruite at the temperatures to be tested. Therefore it was not possible to 

evaluate the awaruite-pyrrhotite-pentlandite-(± magnetite) mineral assemblage (Krishnarao, 

1964; Frost, 1985; Eckstrand, 1975). For the hematite-magnetite (HM) assemblage, the 

smaller thermodynamic database, thermo.dat (supplied with the GWB program) was used as 

it contained the necessary data. For the majority of calculations, the thermodynamic data 

was obtained from the LLNL database, thermo.com.v8.r6.full. In addition, the PPM 
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assemblage was tested by both the thermo. com. v8.r6.full and thermo.dat databases to 

compare the results. 

5.4 Results 

Table 5.1 
Redox reactions of selected mineral assemblages t 

Mineral Assemblage* 

4 Fe304 + 02(g) ;;:: 6 Fe203 
magnetite hematite 

2 Ni + 02(g);;:: 2 NiO 
nickel bunsenite 

3 Fe\_xS + 02(g);;:: Y2 Fe304 + 1 Y2 FeS2 
pyrrhotite magnetite pyrite 

3 Fe2Si04 + 02(g);;:: 2 Fe304 + 3 Si02 
fayalite magnetite quartz 

2 Fe + 02(g);;:: 2 FeO 
iron wustite 

Equilibrium Equation 

log K\ = -logj02(g) 

log K2 = -logj02(g) 

log K3 = -logj02(g) 

log K4 = -logj02(g) 

log Ks = - logj 02(g) 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

Table 5.1. Reaction equilibria of various mineral assemblages with respect to O2 fugacities. 
tAlI reactions written so that log K = - logj02(g). 
*Equations produced using GWB code (Bethke, 1998) and LLNUGWB databases (Delaney and 
Lundeen, 1990; Bethke, 1998). 

The relative stability phases of carbon redox equilibria and various mineral buffers with 

respect to temperature can be described by the fugacity of 02(g) imposed by each equilibria at 

various temperatures. (Figures 5.1 and 5.2 respectively). 
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Figure 5.1. Log fugacity values of oxygen buffered by various mineral assemblages, where HM = 

hematite/magnetite, NiINiO = nickellbunsenite, PPM = pyrrhotite/pyrite/magnetite, FMQ = 
fayalite/magnetite/ quartz and FeIFeO = ironlwiistite. Fugacities calculated from equilibrium 
constants of equations in Table 5.1. Thermodynamic data obtained from LLNLlGWB databases 
(Delaney and Lundeen, 1990; Bethke, 1998). Decreasing f O2 corresponds to increases in 
temperature and more reducing conditions, therefore oxidised species are stable above each line, 
reduced species stable below each line, see Figure 3.l5b, §3.2.2 

Phase boundaries were evaluated for the carbon redox couples CO/C02 and CHJC02 (Table 

5.2) and graphed in Figure 5.2. 
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Table 5.2 
Redox equilibria of carbon oxide gases t 

Redox couple* Equilibrium Equation 

CO(g) ~ Y2 02(g) + C log KA = Y2 logj02(g) (5.6) 

C + 2 H20 = CH4(g) + 02(g) log Ks = logj02(g) (5.7) 

aCO(g) + Y2 02(g) ~ CO2(g) log Kc = -logj02(g) (5.8) 

b 
log Ko = 1-[2 logj 02(g)] CH.(g) + 2 02(g) ~ CO2(g) + 2 H2O (5.9) 

cCH4(g) + 2 02(g) ~ CO2(g) + 2 H2O log Ko = -2 logj02(g) (5.10) 

dCH.(g) + 2 02(g) ~ CO2(g) + 2 H2O log Ko = -1-[2 logj 02(g)] (5.11) 

Table 5.2. Reaction equilibria of carbon couples with respect to O2 fugacities. 
tAli reactions written so that log K= log/02(g)' 
*Equations produced using GWB code (Bethke. 1998) and LLNUGWB databases (Delaney and 
Lundeen. 1990; Bethke. 1998). 
"Assumptions implicit in equilibrium equation: fugacity of CO2(g) = 1 bar. 
b Activity of H20 = 1. CO2(gyCH4(g) = 10. 
CActivity of H20 = 1. CO2(gyCH4(g) = 1. 
dActivity of H20 = 1. CO2(gyCH4(g) = 0.1. 

Oxygen fugacities can be calculated from log K values as in the example shown below for 

Equation 5.10. 

K - jC02·a[H20f 
D - jCH

4
.j[02]2 

The partial pressures of CO2(g) and C14(g) are unknown. Therefore the ratio of CO2(g) to 

CH4(g) was tested with arbritary values of 10, 1, and 0.1 (Equations 5.9, 5.10 and 5.11 and 

Figure 5.2). Water activity was set to 1 (Table 5.2), since activities of H20 rarely stray far 

from unity in hydrothermal fluids, except at extremes of concentration (Helgeson, 1985). For 

example, equation 5.10 can be simplified to evaluate logj02(g). as shown below, 
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K _ 1 
D - j[02f 

j[02]2 =_1_ 
KD 

2 log j[02] = -log KD 

The other equations were also manipulated in a similar manner to generate the desired 

equation. However, only the equations with a gas-gas redox couple (Equations 5.8, 5.9, 5.10 

and 5.11) were plotted on a graph of logj02(g) against temperature (Figure 5.2), as the logj 

O2 results for the solid-gas redox couples (Equations 5.6 and 5.7) seemed to be contradict 

what should have been expected. 

Figure 5.3 below shows the relative positions of redox potentials of mineral buffers and 

carbon redox couples. Positions of carbon redox couples indicate stability with respect to 

redox conditions imposed by mineral buffers. 

Table 5.3 lists the calculated 02(g) fugacities for all the redox equilibria tested at 100°C and 

250°C (Figure 5.3), as calculated by the Geochemist's Workbench RXN program (Bethke, 

1998). Note values of Iogj02(g) for PPM obtained from both databases for comparison. 
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Figure 5.2. Log fugacities of 02(g) for the carbon redox equilibria described in Table 5.2, calculated from 

equilibriwn constants obtained from LLNLlGWB databases (Delaney and Lundeen, 1990; Bethke, 1998). All 

reactions at pressures corresponding to the boiling curve of water (Appendix I A, Figure B). Decreasingf02 

corresponds to increases in temperature and more reducing conditions, therefore oxidised species are stable 

above each line, reduced species are stable below each line, see Figure 3.15b, §3.2.2 
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Figure 5.3 Stabilities of carbon redox couples buffered by various mineral assemblages, as function of 

temperature (O°C to 300°C). The lines describe the relative positions of the redox potentials of mineral buffers 

and carbon redox couples. CO/C02, CO2(s/C14g) ratio = 1: 1. 
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Table 5.3 - Log Fugacity 021g/ at 100°C and 250°C 

Redox equilibria log fugacity 0 21/1) (bar) 

(database· thermo.dat) 
hematite-magnetite (HM) 

pyrite-pyrrhotite-magnetite (PPM) 

(database. thermo. com. v8.r6.full) 

CO/C02 

NiINiO 

pyrite-pyrrhotite-magnetite (PPM) 

FMQ 
iron-wiistite (Fe/FeO) 

CHJC02 

5.5 Discussion 

-54.72 
-60.68 

-35.01 
-57.27 
-59.87 
-64.14 
-68.97 

-112.06 

-35.06 
-39.19 

-23.71 
-38.10 
-38.79 
-42.77 
-47.24 
-76.84 

The immediate conclusions that can be drawn from these results is that the reducing 

power of each of the equilibria tested decreases with increasing temperature (O°C to 300°C), 

and that the iron-wiistite (IW) assemblage is the most reducing of the solid buffers tested. 

The CRv'C02 couple is the most reducing of the gaseous buffers tested. The solid/gas 

equilibria in Table 5.2 ( Equations 5.4 and 5.5) were plotted initially but did not give a 

sensible result. The log fugacities imposed by CO2(g/CRt(g) ratios of 10, I, and 0.1 were not 

significantly influenced by the ratios tested, therefore the assumed partial pressures of 

CO2(g/CH4(g) were not considered to be an important factor contributing to the unexpected 

results. 

However, it is important to remember that the oxygen fugacities are just numerical 

values. It is the relative changes between the oxygen fugacities of each equilibria tested that 

are of interest, especially with regard to COZ/CRt. For example, in Figure .5.1, the PPM 

assemblage is more reducing (lower fugacity of 02) than the NilNiO assemblage between the 

temperature range of O°C to approximately 300°C. However, the line representing the 

oxygen fugacity of NilNiO steadily approaches that of PPM, until at 300°C, they converge. 

Were it possible to continue both lines to temperatures higher than 300°C they would cross 

over and Figure 5.1 would show the NilNO line to be below that of the PPM line. Similarly, 

in Figure 5.2, the CHJC02 couple is more reducing than the CO/C02 couple at the 

temperatures tested, but their respective lines converge. Again, at higher temperatures the 

lines would meet and then cross over. This would then show the opposite to what is 
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demonstrated in Figures 5.2 and 5.3 - that the CO/C02 couple is more stable than CRJC02 

at higher temperatures (Shock, 1992a). 

It would be desirable in this case to be able to model the higher temperatures that are present 

in the crust for further analyses to further test for the nature of the relationship. 

Results agree with Kasting and Brown's (1998) estimate of a iron-wustite buffered early 

crust would be 1-4 log units below FMQ. The results in this study show values ranging from 

6 log units at O°C to 4.5 log units lower than FMQ at 300°C, and so are fairly close to their 

estimate. The result for PPM is in agreement with Schoonen et at. (1999) and Figure 3.15b 

§3.2.2, who also confirm this trend. 

In conclusion the iron-wustite couple is among the most reducing of those tested. 

However, it was not possible to model novel buffers rich in nickel-iron such as awaruite

pyrrhotite-pentlandite-(± magnetite) and compare them with iron-wustite as the required 

thermodynamic data at appropriate temperatures was not available. The NiINiO couple 

evaluated instead showed that it's redox state lies between the relatively oxidised HM and 

PPM values, whereas it would have been preferable to model a more reducing assemblage 

such as awaruite-pyrrhotite-pentlandite-(± magnetite). 

The solid-gas phase redox couple C/CI-4 was expected to be the most reducing (Le., more 

than CRJC02) but it plotted as one of the most oxidising couples. This could have been due 

to an error in the calculations, possibly in the assumed number of electrons transferred. 

However, it was not felt to be appropriate to spend time to pursue this model further until the 

theoretical principles were reassessed to provide more confidence in the model. 

Consultation with others in the field seemed to suggest a flaw in the approach used here 

(Craig Bethke, person. comm.), or an error in the calculations (Henry Kerfoot, person. 

comm.) 
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Chapter 6. Modelling the Stability of Amino acids within a 
Hadean Submarine Hydrothermal System. 

6.1 Introduction 

Inorganic compounds such as H20, H2, CO, CO2, NH3, and simple organic 

compounds such as alcohols, ketones, aldehydes are postulated or have already been shown 

to exist in many unexpected extreme environments, both terrestrial and extraterrestrial 

(Shock, 1996, 1997). This has led many to assume that important prebiotic organic 

molecules, in particular the protonated and deprotonated a-amino acids, required for protein 

synthesis, were available for inclusion in the first microbes. Amino acids could have been 

synthesised on the early Earth from relatively simple inorganic compounds such as CO2 and 

NH3 available at that time (Kasting, 1993; Simakov, 1998). However, the energetic 

requirements to produce amino acids from these simple compounds are often too high to 

proceed in moderate environments. Alternatively, ready-made complex organic molecules 

could have been delivered from an extraterrestrial source to be eventually broken down to 

smaller molecules such as alcohols, aldehydes and ketones. In fact, there are many chemical 

routes to the formation of amino acids and not all require as large an input of energy as 

would be required with C02 and NH3. Other reaction pathways include reactants such as 

hydrogen cyanide (HCN), HeN polymers (aminonitriles) and cyanide (CN-) radicals. The 

HCN reaction pathway offers a more favourable thermodynamic route to the formation of 

amino acids. 

In 1973 an unexpected infrared emission feature was discovered from two planetary 

nebulae (Gillet et at., 1973). The signal was initially ascribed to interplanetary dust particles 

(IPDs) but the emission spectra of these IPDs and of the terrestrial polycyclic aromatic 

hydrocarbons (PAHs) that are found in smoke soot were almost identical. This presented 

strong evidence for the presence of complex, organic compounds in dense interstellar clouds. 

P AHs are present in comets and meteorites and predominate over other organic compounds 

in extraterrestrial space (Allamandola et al., 1997). Additionally, PAHs detected in Martian 

meteorites can be differentiated from terrestrial P AHs by their relatively high carbon 13 

isotopic signature. With respect to amino acids, PAHs are more complex molecules and are 

situated thermodynamically uphill. Thus, the thermodynamic route to form amino acids is 

again easier from PAHs than from CO2 and NH3• 

The P AH molecules can break down into esters, ketones and aldehydes from which 

several varieties of amino acids could be easily formed. P AHs are favoured by some to be 

the astrobiological precursors of Life on Earth. Indeed, we await results from numerous 

139 



experiments attempting to establish the stability of PAHs on delivery to Earth, even after 

seemingly destructive events such as atmospheric entry or meteoritic impact with the crust. 

Investigations are underway to see whether organic molecules on meteorites can survive 

through atmospheric entry (the European Space Agency's STONE and BIOPAN project) and 

impact (McKay and Borucki, 1997). Deuterium (D2) enrichment indicates the possibility 

that these amino acids may have been of extraterrestrial origin (Krishnamurthy et al., 1992; 

Lerner et ai., 1993; Hayatsu et ai., 1972). However, the extraterrestrial delivery of organic 

molecules is just the first among many hurdles to be met on the early Earth. Therefore, the 

present study takes the view that synthesis of amino acids may have fonued in-situ in 

'protected' hydrothermal systems where organic molecules can fonu and eventually Life 

could flourish. 

6.2 Formation and stability of amino acids in hydrothermal systems 

The current state of knowledge stipulates that surface conditions on the early Earth 

were neutral to mildly oxidising, with carbon, nitrogen and hydrogen present mainly in their 

oxidised forms - C02, N2 and H20 (Kasting, 1990, 1993; Kasting and Brown, 1998; Shock, 

1990b; and references therein). This challenges the Oparin (1938), Haldane (1929) and 

Urey (1952) hypotheses of an early reducing atmosphere, and questions the import of 

Miller's (1953) synthesis of organic molecules. Miller's amino acids were readily 

synthesised using reduced forms of carbon, nitrogen and hydrogen (CH4, NH3 and H2) and 

since lightning (electric-spark) was a key requirement, he proposed a surface environment 

with a reduced atmosphere for the origin of Life. Sagan and Khare's (1971) successful 

irradiation of a reducing mixture of C~, NH3, H20 and H2S with long wave UV light, to 

produce amino acids, with HCN and aldehydes as possible reaction intermediates is similarly 

suspect. This is because amino acids and other organic molecules do not form as easily in 

oxidising environments and this is where the thermodynamically uphill challenge for Life lay 

on the early Earth. 

Since Miller's (1953) electric-spark discharge experiments, several researchers have 

successfully synthesised many biologically important amino acids using alternative reactants, 

reaction pathways and under a range of environmental conditions (Or6, 1960; Lowe et ai., 

1963; Fox and Windsor, 1970; Sagan and Khare, 1971; Hennet et ai., 1992; Marshall, 1994). 

These studies have reported the abiogenic formation of organic molecules starting with the 

oxidised fonus of carbon and nitrogen and hydrogen. Glycine, alanine, and aspartic acid are 

the predominant amino acids fonued in many of these experiments, though cysteine, 

methionine, serine, threonine, glutamic acid, leucine, tyrosine, valine, histidine and 
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phenylalanine are also formed in minor to trace amounts. Less biologically significant 

amino acids such as ~-alanine, a-amino-n-butyric acid, diaminosuccinic acid, and a host of 

other organic molecules have also been noted in the references cited above (Shock, 1992b; 

and references therein). Lowe et ai. (1963) synthesised amino acids, amino acid polymers, 

fatty acids and purines from ammonium cyanide (HCN) at 90°C. Oro (1960) synthesised 

adenine from ammonium cyanide. Fox and Windsor (1970) synthesised amino acids with 

ammonium hydroxide (N140H), formaldehyde (HCHO), and H2 at 185°C under 

hydrothermal conditions. Hennet et al. (1992) used a mixture of C02, H2, NH3, KCN and 

formaldehyde (HCOH) at 150aC and 10 atmospheres in an attempt to realistically model 

hydrothermal conditions, with redox conditions buffered by pyrite-pyrrhotite-magnetite. 

Additionally, at 150°C and with moderately alkaline starting conditions (pH -7 to pH-8.8), 

the sample mixture resembled the hydrothermal fluids circulating in off-axis systems, 

perhaps on the flanks of spreading ridges (e.g., Kelley et al., 2001). Platinum was used as an 

oxygen sink and titanium oxide for the autoclave liners (it must be noted that these may have 

acted as additional catalysts and buffers). 

Oparin proposed a role for carbides in primordial reactions as early as 1924, and 

since then others have synthesised amino acids and other organic molecules in relatively low 

temperature aqueous solutions containing carbides (Marshall, 1994; Yanagawa and Egami, 

1981), assuming them to be available in hydrothermal systems from meteoritic additions to 

the crust. Marshall (1994) and Berndt et al. (1996) demonstrated how the predominant and 

stable CO2 and N2 phases of carbon and nitrogen on the early Earth could be reduced under 

various conditions and reaction pathways. Marshall (1994) presented evidence of rapid 

synthesis of amino acids under hydrothermal conditions at 200-275°C from ethene (C2H2), 

H2 and O2 (in the presence of a carbide, CaC2 and peroxide H20 2) by reaction with aqueous 

ammonium bicarbonate (NHJ1C04). However, concentrations of reactants used were much 

higher than would have been available on the early Earth. Additionally, ethene 

concentrations could have been much lower in sedimented systems (see Shock, 1992a). 

These experiments established that it is difficult, but not impossible, to synthesise 

amino acids under oxidising conditions. Additionally, many of the syntheses were 

performed over a wide range of pressures, and temperatures ranging from 25°C to >IOO0°C 

(see Shock (1992b) for a more detailed history and review of amino acid synthesis 

experiments, and Ferris (1992) for a discussion on the availability of organic precursors on 

the early Earth). It should be of no surprise then that complex organic structures have been 

discovered or are speculated to exist in extreme conditions such as the Earth's subsurface or 
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outer space (Gillett et at., 1973). Seventy-four amino acids were identified in the Murchison 

Meteorite, of which 19 are biologically significant (Cronin et at., 1988). The amino acids 

synthesised in Miller's (1953) experiments were also identified in the meteorite and their 

relative distribution is the similar to that of the meteorite. 

On the Earth, Haberstroh and Karl (1989) reported 5-445,uM of dissolved amino 

acids in moderately heated (5-100°C) sediment-covered hydrothermal systems in the 

Guyamas Basin. Sediment-covered hydrothermal systems have only been found so far on 

divergent margins close to continents. They are distinctly different from sediment-free 

systems in that they have a higher pH (-6) than systems without sediments (pH -4), and 

contain a rich variety of potential metallic catalysts as well as extended thermal and chemical 

gradients (Holm, 1992; Ferris, 1992; Simoneit, 1992). However, it is likely that the organic 

molecules found by Haberstroh and Karl (1989) were derived from the breakdown of 

organisms. HCN, amino acids, amino sugars and complex organic structures have also been 

detected in freshly collected volcanic ash, and in volcanic bombs from Kamchatka, 

Indonesia, (Muhkin, 1976; Markhinin and Podkletov, 1977), though the detection of sugars 

in ash samples suggests a biological origin. This gives rise to the possibility of a source of 

amino acids and other organic molecules from other types of vent emissions from the crust. 

The crustal processes from which vent fluids originate may also provide the physical and 

chemical gradients necessary for complex organic structures to form (Corliss, 1986b). 

In the present crust, two mineral assemblages, pyrite-pyrrhotite-magnetite (PPM) and 

quartz-fayalite-magnetite (FMQ) are thought to be important in controlling redox conditions 

in seawater-basalt systems (Shock, 1992a, 1992b). However, the redox state of the crust 

may have been quite different on the early Earth if the crust was altered by heavy bolide 

impacts. For example, if it were buffered by an iron-wustite (JW) mineral assemblage 

(§5.1), Cf4 and NH3 would have at least been present in greater concentrations than today. 

Near-surface processes, for example hydrothermal systems on an early Earth, could have 

been the vehicle for the ideal reducing conditions, rather than the difficult oxidising surface 

conditions for producing amino acids. If this is the case, CO2 and the predominantly stable 

form of nitrogen, N2 (Kasting and Brown, 1998), would have to have been transported to the 

early oceanic crust, perhaps by deep marine currents or via magmatic devolatilisation. 

Thermodynamic studies by Shock (1992a) indicate that at depths where the environment is 

buffered at FMQ conditions and temperatures are above 500°C, CO2 and N2 are the dominant 

phases of carbon and nitrogen. Fluids containing C02 and N2 then pass through reducing 

crustal zones which tend to convert the oxidised C02 and N2 to their reduced counterparts 
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CI-4 and NH3• These fluids circulate to parts of the crust where temperatures are relatively 

cooler, perhaps 50-250°C (Shock and Schulte, 1998). Allowing for some kinetic hinderance, 

CO2 and N2 are prevented from being converted completely to their reduced forms (CI-4 and 

NH3) and form metastable intermediates instead (such as acetates RCOO-, hydrogen 

cyanide, HCN, and aldehydes, RCOH). The energy released from the mixing of hot and 

cold fluids may also provide a route for organic synthesis (Shock and Schulte, 1998). 

Amino and carboxylic acid formation is probably via the Strecker synthesis reaction 

(Miller, 1957) or Fischer-Tropsch Type (FTT) reaction. Strecker synthesis reactions produce 

amino and carboxylic acids from NH3, HCN, ketones, and aldehydes. Strecker synthesis 

reactions are thermodynamically favourable in hydrothermal environments (Schulte and 

Shock, 1995). The initial concentrations of aldehydes, ketones, and HCN that would have 

been required to form significant quantities of amino acids may not be available from a 

hydrothermal system (Schulte and Shock, 1995), though concentrations may have been 

strongly. enhanced by molecular sieving in the hydrothermal mound (Russell and Hall, 

WWW.2(01).Asindicated earlier in this chapter, there is also the possibility that the 

Strecker synthesis was the mechanism by which amino acids were formed in the Murchison 

Meteorite. 

RCHO + HCN ~RC(OH)CN + H20 -RCH(OH)CONH2 + H20 -RCH(OH)COOH (B) 

The mechanism by which this reaction proceeds according to Henrici-Olive and Olive, 

(1984) is discussed within the context of the Russell and Hall hypothesis in Russell et al. 

(1998). In general, the reaction can be described as follows: R-CHO (aldehydes, or ketones, 

RCOR) combine with hydrogen cyanide and ammonia in a condensation reaction to form a

aminonitriles, RC(NH2)CN. a-Aminonitriles then undergo hydrolysis to give an amino 

amide, RCH(NH2)CO(NH2)' Further hydrolysis of the amide gives rise to the a-amino acid, 

RCH(NH2)COOH. To form carboxylic acids (hydroxy acids) the reaction proceeds as in (A) 

but the amino group attached to the a-carbon is replaced by the hydroxyl group to give a 

hydroxy acid instead of an amino acid (B) 

FTT reactions have been shown to produce HCN, acetonitriles (CH3CN), 

carboxylates, heterocyclic compounds, and small amounts of amino acids from CO, H2, 

NH3, and in some cases deuterium, D2 (Ferris, 1992). Hydrothermal systems may be able to 

provide the high temperatures, high pressures, and metallic or mineral catalysts required for 
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FFr reactions (Ferris, 1992). Berndt et al. (1996) suggested that CO2 reduction to CH4 

occurs during serpentinisation of olivine. The magnetite produced from serpentinisation may 

catalyse the FTT reaction, not to mention the significant quantities of H2(g) often required for 

FTT reactions This is supported by detection of significant quantities of CO2 and C~ (up to 

50 mol% and 43 mol% respectively) in fluid inclusions in rocks sampled from the Southwest 

Indian Ridge (Kelley, 1996, 1999; Kelley and Friih-Green, 2001; and also see Holloway, 

1984 and Horita and Berndt, 1999). However, the activation energies (25kcallmol) involved 

in the Berndt et al. (1996) analogy of the Fischer-Trospch reaction suggest that at low 

temperatures, this route may take millions of years just to produce significant quantities of 

the intermediate reactants, such as acetates, HeN and aldehydes. Furthermore, Schulte and 

Shock's (1995) study of the thermodynamics of Strecker synthesis and similar reactions 

highlighted the need for sufficient concentrations of these intermediates to be able to form 

important biomolecules such as amino acids. Similarly, the mineral-catalysed reduction of 

N2 (degassing from the Earth's interior), N02- and N03- (possibly from electrical discharge or 

cometary impacts), to NH3 was noted by Brandes (1998). 

If metastable equilibria are formed as suggested by Shock (1992a), there are assumed 

to be surmountable kinetic pathways leading to the synthesis of the organic compounds 

(Shock and Helgeson, 1990; and see Seewald, 200 1). Prevented from being completely 

reduced by kinetic barriers, metastable species of the redox couples CHJC02 and NH31N2 

may have then remained buffered in a metastable state long enough to be carried to the 

surface to potential 'life reactors' (Shock, 1990, 1992a). This idea was disputed by Miller 

and Bada (1988), who argued and demonstrated that amino acids decompose at high 

temperatures. Bernhardt et al. (1984) also reported that biomolecules were 'unstable' in 

black-smoker conditions. To counter this argument a series of thermodynamic calculations 

were performed by Shock (1990). Shock emphasised that the equilibrium conditions typical 

of experiments such as those performed by Miller and Bada (1988), may be quite different 

under hydrothermal environments (Shock, 1990).· His calculations demonstrated that the 

synthesis from organic starting materials and stability of the 20 of the protein forming amino 

acids were energetically favoured in hydrothermal conditions at 100°C (Amend and Shock 

1998) or perhaps even up to 250°C (Shock, 1990). He rejected the idea of decomposition, 

and suggested that the equilibrium conditions associated with the laboratory experiment were 

responsible for the change in the distribution of the amino acids tested (alanine, leucine, 

aspartic acid, and serine). Rather than some of the amino acids being irreversibly 

decomposed, Shock (1990) suggests that the redistribution of amino acids at higher 

temperatures merely favoured the stability of alanine, leucine and glycine in solution. 
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This revelation suggests that there have been many other instances of inadequately 

controlled laboratory experiments that may have been used to incorrectly confinn or 

disconfinn proposals such as those made by Miller and Bada (1988) on the basis of their 

experiments alone. In their conclusions, Shock (1990) and others (Andersson and Holm, 

2000) highlighted the practical difficulties of maintaining redox states in a laboratory to 

realistically simulate hydrothennal environments. For this reason, many researchers have 

increasingly turned to thennodynamic calculations to overcome this difficulty. With 

thennodynamic calculations it is possible to impose the necessary constraints for 

hydrothennal situations, and then to assess the stability or fonnation of amino acids and 

other organic molecules in these environments. Many thennodynamic studies have shed 

light on what should be occurring chemically in inaccessible places such as hydrothennal 

systems, and reveal that the chemistry of hydrothennal systems perhaps may be not be best 

elucidated from comparisons with reactions at surface conditions. Thus perhaps organic 

species may not be destroyed as suggested by Miller and Bada (1988), and the unusual 

conditions in hydrothennal systems may allow them to remain stable at higher temperatures 

and pressures. It is then of particular importance to use theoretical models to investigate how 

organic molecules might really behave under various temperatures, pressures and oxidation 

states or perhaps unusual conditions that cannot be easily created or sustained in laboratory 

experiments. 

6.3 Objectives 

The thennodynamic study in this chapter attempts to propose a mechanism for the 

fonnation of protein-fonning a-amino acids in or around the myriad of alkaline 

hydrothennal seepages that are present on the flanks of ridge systems. The study tests the 

feasibility of primitive inorganic reactants such as CO/C02 as the source of the carboxyl 

(COO-) and N~3 as the source of the amino (NHt) functional groups, both of which are 

present in amino acids. The model will also serve to examine the likely distribution and 

behaviour of these amino acids under hydrothennal conditions and compare the results with 

the published work. Finally, the suitability of the Geochemist's Workbench (GWB) 

software package (Bethke, 1998), and the LLNL thennodynamic database 

thermo. com. v8.r6full (§ 1.4) for this experiment is discussed. The calculations perfonned in 

this chapter attempt to model the fonnation of organic intennediates from simple inorganic 

molecules such as CO/C02 and N21NH3, which were more likely to have been available in 

sufficient concentrations in the vicinity of the hydrothennal system itself (as perfonned by 

Shock and Schulte (1998». Specifically, the calculations attempt to demonstrate that the 

simplest amino acid, glycine (NH2CH2COOH), could be synthesised autotrophically from 
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these simple inorganic materials, and then function as a basic building block for the 

formation of other amino acids. Glycine (thought to be ubiquitous in the Unive rse), in the 

presence of CO2 and H2 could have been instrumental in the fo rmation of hi gher carbon 

number amino acids, with longer side-chains, such as leucine(aq), a lanine(aq) and valine(aq)' 

The overa ll model is designed to investigate how the composition and redox properties of the 

Hadean atmosphere, ocean and crust might have encouraged or di scouraged the stability of 

any amino acids that may have been formed. Whatever the outcome, the calcul ations will 

help towards a better understanding of their role and behaviour, perhaps help in the 

imposition of experimental constraints for further research, and may support theories for the 

emergence of life within or on the exit sites of submarine hydrothermal systems. 

N2(g) C02(g) Hadean Atmosphere 

-1- -1-- -- -----
NH3(aq) + NH4+ C02(aq) 

4Rm 

Seawater 
heated up to 
150 C 

Hadean seawater 
20-80 C 

Hadean Seawater 

pH I8 - 4.2 

Eh 1.8 - -0.67 

C02(g) = 10 bars 
N2(g) = 0.8 bars 
02(g) = 10 -35 - 10 -65 bars 

Mixing zone temp erature 
is the average of the 
seawater and 
hydrothermal fluid 
temperatures C 

85 - 115 C 

Mixing zone is 
the interface 
between 

warm 
seawater and 
hydrothermal 
fluid 

Utramanc oceanic crust and troilite 
500m 

Reaction between ultramafic rock 
and troilite (F eS) 
at 150 C H2(aq), HS-, H2S(aq) 

and amino acids 

Figure 6.1 . A theoretical model of an early Hadean environment showing seawater seeping down into 

the oceanic crust and being heated at depth (A), its conversion to an alkaline hydrothermal fluid after 

reactions with the crust (B), and its exit back into cold seawater at warm springs or hydrothermal 

seepages (C). The mixing ratio at C is assumed to be I: I. The assumed depth of the ocean and crust. 

and the possible range of environmental variables such as temperature. Eh, pH. and fugaci ties are 

indicated . Double-sided arrows indicate equilibrium between the atmosphere and the ocean 

6.3 Method 

Thermodynamic models were created using GWB to demonstrate the potential for 

autotrophic synthesis of amino acids from the reactions between a CO2, CO, and NtLt + 

bearing, warm (20°C-80°C), acidic (pH = 3.2-5.6) Hadean ocean, with its ultramafic crust 

(Figure 6.1). Experiments are conducted using Hadean seawater-ultramafic rock ratios of 

10: 1 and 1: 1. A redox mechanism for the formation from glycine, of alanine, valine, and 
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leucine (the simplest protein-fonning a.-amino acids) was also investigated. To model the 

reactions in tenns of a prebiotic environment (Figure 6.1) we associate both the pH of the 

seawater and the source of carbon for the amino acids from the reduction (during the 

serpentinisation of olivine) of dissolved atmospheric C02(g) by hydrogen in seawater (Berndt 

et aI, 1996). As explained in Chapter 2, the amount of atmospheric CO2(g) in the Hadean 

could be dependent on several factors; 

(i) the rate of CO2 exhalation 

(ii) the rate of cometary delivery 

(iii) carbonation of silicates (cf. Griffiths and Shock, 1995) in the crust and as dust 

generated by meteorite impact. 

Inhibition of silicate weathering and the lack of a stable p]atfonn for carbonates to 

form on the early earth may also be considered to favour higher C02 levels. The 

atmospheric concentration has been argued to be anywhere from 0.2 to 10 bars (Kasting and 

Brown, 1998) but could be even higher remembering that Venus has a present level of 90 

bars CO2. We opt for a relatively high concentration of 10 bars (Russell and Hall, 1997). 

Another significant source of carbon within a hydrothermal system could be available from 

abiogenic methane. Some of this methane has been discovered entrapped in fluid inclusions 

in plutonic rocks (Kelley, 1996; Kelley and Friih-Green, 1999). It may have been produced 

from the reaction between bicarbonate (HC03-) (Horita and Berndt, 1999) and 

serpentinisation products such as iron-nickel catalysts (Russell et al., 1998; Krishnarao, 

1964) during retrograde metamorphism (Hall, 1986) or from fluids co-existing with graphite 

(Holloway, 1984). H2(g) is also produced in the subsurface from the serpentinisation 

reactions (§2.1) and its concentrations in the models are determined by the water-rock 

reaction reactions (see Models la-8d, Appendix 3). The presence of nitrogen (-0.8 bar) on 

the early earth (Kasting and Brown, 1998) and its conversion to ammonia as a result of 

mineral-catalysed reduction at 300°C in hydrothennal environments on the early earth has 

been suggested (Brandes et ai, 1998). 

Overall, the models designed in this chapter are designed to reflect most of these 

conditions. Though concentrations of HCN, NH3, and NH/ are more likely to be required in 

organic synthesis, the normally unreactive atmospheric nitrogen (N2) is used to constrain the 

nitrogen that is available in the models. This is acceptable since the kinetic inhibition of the 

N2 to NH3 reduction is not being investigated in this model. The redox conditions are 
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intrinsically controlled by the other variables in the model, and will ultimately determine the 

form of the nitrogen that is available. Though unintentional, using N2(g) as an input to the 

model might help the visualisation of a possible reaction pathway of nitrogen from the 

atmosphere to the subsurface where the formation of amino acids in the model is taking 

place (Figure 6.1). It is necessary to choose a reasonable arbitrary value for the calculations, 

therefore it is assumed that the mixing ratio between the hydrothermal fluid and the seawater 

is 1: 1). The system in the mixing zone is assumed to be the average temperature of the two 

fluids 

The constraints for the seawater and crust are listed in Table 6.1, which describes 

proposed concentrations of chemical species in Hadean seawater and the minerals in an 

ultramafic rock. In order to determine whether amino acids could be formed at all from the 

components available to a prebiotic hydrothermal system, and then remain stable in a 

hydrothermal fluid it was necessary to examine the generation of the hydrothermal fluid. 

This was engendered by equilibrating seawater with a C02 atmosphere (Figure 6.1, and 

Table 6.2A), and then using the equilibrated seawater in reactions with the ultramafic crust to 

produce the fluid (Figure 6.1, and Tables 6.1, 6.2B). The newly formed acids are tested for 

stability upon re-mixing with seawater. Mixing was effected by collecting the hydrothermal 

fluid and reacting it with more of the equilibrated seawater. Since the j 02(g) of the early 

crust is poorly constrained (Canit, 1997), it is necessary to test a range of oxidation states, 

though a highly reduced crust has been suggested by Kasting and Brown (1998). An added 

advantage of this approach is that it facilitates assessment of the influence of different 

oxidation states on amino acid production. Therefore, the experiments were carried out over 

a wide range of oxidation states (lOgj02(g) -35 to -65), since it is not certain which redox 

state may have existed on the early Earth. The ranges of oxidation states may be chosen 

from oxygen fugacities derived from modelling various mineral assemblages (see Chapter 

5). 
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Seawater (1 kg) • MajorlTrace Species Simple ultramafic rock composition (g) 
Species mmoles *multiply by 10 for 1:1 water rock/ratio 

Mg++ 1.E-03 Forsterite 72 
S04-- 1.E-06 Fayalite 8 
Na+ 5.E-03 Diopside 15 
CI- 7.E-03 Anorthite 3.6 
AI+++ 1.E-06 Albite 0.4 
Si02(aq) l.E-06 Troilite 1 
Fe++ 1.E-06 Troilite 1 

Table 6.1. Chemical and mineral composition of a 10: 1 ratio for lkg ofthe model seawater and lOOg 

of the simplified ultramafic crust. 

Each experiment varies only in the fugacity levels of oxygen, temperature, the water

rock ratio and charge balance species, (Table 6.2A). Table 6.2B shows the concentrations of 

dissolved gases and other properties of the seawater after equilibration with the atmosphere. 

In Appendix 3, models 1 a-8d show the recorded initial and final values of key products after 

each experimental run. These include initial and final values of oxygen fugacities, 

temperature, pH and Eh. Furthermore, quantities and types of dissolved amino acids, 

dissolved chemical species of sulfur (SOl, H2S, HS,), nitrogen (N2, NH3, NH/), carbon 

(C02, C~) and hydrogen (H2) as well as minerals precipitated during seawater-crust 

reactions and seawater-hydrothermal fluid reactions were also recorded. 
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Table 6.2A - EXe!;rimental Constraints 
Modell Model 2 Model 3 Model 4 ModelS Model 6 Model 7 Model 8 

Atmosphere! (bar) 

CO2 10 10 10 10 10 10 10 10 

02 -35.00 -45.00 -55.00 -65.00 -35.00 -45.00 -55.00 -65.00 

N2 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Seawater lkg at T (0C) 

20-80 20-80 20-80 20-80 20-80 20-80 20-80 20-80 

Major & trace species (mmoles) 

Mg++ I.E-03 I.E-03 I.E-03 I.E-03 I.E-03 I.E-03 I.E-03 I.E-03 

S04-- I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 

mmolNa+ 5.E-03 5.E-03 5.E-03 5.E-03 5.E-03 5.E-03 5.E-03 5.E-03 

mmolCI- 7.E-03 7.E-03 7.E-03 7.E-03 7.E-03 7.E-03 7.E-03 7.E-03 

mmoIAI+++ I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 

mmol Si02(aq) I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 

mmoIFe++ I.E-06 l.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 I.E-06 

charge balance H+ H+ H+ H+/CI- H+ H+ H+ H+ 

Rock mass (g) 100 100 100 100 1000 1000 1000 1000 

SeawaterfRock ratio 10:1 10:1 10:1 10:1 1:1 1:1 1:1 1:1 

Table 6.2B - Eguilibrated Seawater Products 
Temp Dissolved species in seawater (mmoles) log r02(g) pH 

(DC) N2(aq) NHJ(aq) C02(a9) CH4(a9) H2(aq) NH4+ Initial (atmo.f) Final (,fIw) Final (slw) 

Models 20 0.581 -0 412 -0 -0 -0 -35 -34.75 3.39 

1 and 5 40 0.446 -0 244 -0 -0 -0 -35 -34.78 3.45 

60 0.385 -0 166 -0 -0 -0 -35 -34.8 3.52 

80 0.362 -0 127 -0 -0 -0 -35 -34.82 3.6 

Models 20 0.581 -0 412 -0 -0 -0 -45 -44.75 3.39 

2and6 40 0.446 -0 244 -0 -0 -0 -45 -44.78 3.45 

60 0.385 -0 166 -0 -0 -0 -45 -44.8 3.52 

80 0.362 -0 127 -0 -0 4.25E-OR -45 -44.R4 3.6 

Models 20 0.581 -0 412 -0 -0 2.t5E-09 -55 -54.75 3.39 

3 and 7 40 0.446 -0 244 -0 -0 4.50E-06 -55 -54.7R 3.45 

60 0.385 6.30E-08 166 -0 -0 3.69E-03 -55 -54.82 3.53 

RO 0.362 8.03E-05 127 3.84E-09 3.38E-07 5.48E-OI -55 -54.84 3.8 

Models 20 0.581 6.3RE-OR 412 -0 -0 0.0626 -65 -64.75 3.42 

4andR 40 0.446 0.00061 244 5.60E-06 1.24E-07 7.72E+00 -65 -64.78 4.75 

60 2.34E-05 11.2 2.20E-06 3180 0.0075 9250 -65 -68.7 5.62 
RO Failed run 

(Except for log f02(g), values below le-9 are given as approximately zero) 
Table 6.2A and 6.2B. Constraints used for models I to 8, the results of which are tabulated in 

Appendix 3 Oxygen fugacity varies from log! -35 to log! -65. 

The condensation reactions to form the amino acids were produced by Geochemist's 

Workbench (Bethke, 1998). The formation of glycine (H2NCH2COOH(aq» from carbon 

dioxide, hydrogen and ammonia is represented by Equation 6.1, though there are variants of 

this reaction which incorporate NH/ in place of NH3(aq) (for examples, see Shock et aI, 

1998). 
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The equilibrium reaction between glycine and alanine (H2NCHCH3COOH(aq) is modelled in 

terms of redox. If the present atmosphere were to be evaluated in the model, their 

relationship could be expressed in terms of the oxygen fugacity, as shown in the 

stoichiometric equation 6.2 below, 

where alanine(aq) is oxidised to glycine(aq). carbon dioxide and water. However, the reaction 

is proposed to take place under anoxic conditions, and in the presence of 10 bars of C02(g) in 

the Hadean atmosphere. Thus the reaction is written in terms of the consumption of 

hydrogen and carbon dioxide (Equation 6.3). 

(6.3) 

This expression was more appropriate, as it more closely resembles the metabolic reactions 

in the reverse Krebs cycle, as described in Hartman (1975) and Russell and Hall (1997). In 

this cycle, CO2 is reduced to the -{CH2} groups (6.4), which are used in this model to make 

the progressively larger amino acids (alanine. valine and leucine) from glycine. on each 

addition of a -{CH2 } group. 

(6.4) 

Using Le Chatelier's principle, Equations 6.1. 6.2. 6.3 and 6.4 indicate that were the activity 

of H20 to be decreased. the reactions should be pulled to the right. Consequently, the 

production of more alanine would be favoured, as can be seen in Figure 6.3. As expected, 

Figure 6.3 indicates that a decrease in the activity of H20 would assist the production of a 

higher yield of amino acids, since condensation reactions result in the loss of water. Though 

it should be noted that activities of H20 rarely stray far from unity in hydrothermal fluids 

(Helgeson, 1985) except on mineral surfaces. 
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(2 Carbon) Glycine 

(3 Carbon) A lanine 

1 ~CH') 
(5 Carbon) V aline 

1 ~CH2) 
(6 Carb on) L eu cine 

Figure 6.2. Structural formulae of the amino acids, starting with the simplest, glycine. The other amino acids 

differ in multiples of one carbon atom and two hydrogen atoms, represented by - {CH2}. Carbon and hydrogen 

atoms are provided by reduced CO2. The ball and stick representations on the right exclude hydrogen atoms. 

OXIDISED REDUCED 
4 

3 
G/ycine(aq) 

Leucine (aq) 

o 

-1 

-15 -10 -5 0 5 
logf H2(g) 

Figure 6.3. Relative stability fields of the 4 simplest hydrophobic amino acids in the Fe-Mg-Na-Ca-Al-SiOr 

CI-S-H20-C02 system, with repect to the redox conditions imposed by water activity and hydrogen fugacity. 

Figure 6.3 and equation (6.3) show that as the activity of H20 (log a H20) decreases, alanine 

becomes more stable. The sequence of formation of amino acids, going from relatively 

oxidised to relatively reduced conditions (Glycine -+ Alanine -+ Valine -+ Leucine, see 

Figure 6.2), is from the addition of carbon and hydrogen atoms (from the reduction of CH4 

which is itself produced by the reduction of C02). Produced using Geochemist's Workbench 

(Bethke, 1998). 
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lOA OXIDISED REDUCED 

10.2 

Leucine(aq) 

9.8 

9.6 

-4.2 -4 -3.8 -3.6 
logfH:ig) 

Figure 6.4. Relative stability fields of the 4 simplest hydrophobic amino acids in the Fe-Mg-Na-Ca-AI-SiOz-CI

S-H20-C02 system, with repect to the redox conditions imposed by CO2 and hydrogen fugacities. 

Figure 6.4 shows the stability of amino acids in terms of redox and suggests that the 

reduction of CO2 by hydrogen to produce the -{CH2} group (equation 6.4) will, starting with 

glycine, favour the formation of progressively more complex amino acids. 

6.4 Results 

The thermodynamic calculations in this chapter demonstrate that 15 protein-forming 

amino acids (including glycine, aspartate, glutamate, glutamine, methionine, serine, valine, 

isoleucine, alanine, asparagine, threonine, leucine, phenylalanine, tyrosine, and tryptophan) 

could have formed upon the mixing of Hadean seawater and rock within a hydrothermal 

system (Models la-8d, Appendix 3). An attempt to show, within the model, that a decrease 

in the activity of H20 would be a plausible mechanism to assist in the production of a higher 

yield of amino acids, failed. This was due to a software fault within this version of the G WB 

program which prevented setting the H20 activity to anything other than the unit activity 

(unit activity =1). This has been acknowledged by the software manufacturer and the fault 

has been rectified in new versions of the code. 

Figures 6.5 to 6.10 show the products generated from a seawater-rock interaction (see 

Model 1 a, Appendix 3 for constraints and concentrations of products) from an initial 

seawater temperature of 20°C, log f 02(g) -35 and a water rock ratio of 10: I) and the 

properties of the newly formed hydrothermal fluid at 150°C, as well as the production of just 

some of the minerals (magnetite and pyrite) from the seawater-crust reaction. From left to 

right, the graphs show the physical and chemical changes to the system as the temperature of 

the system is increased from 20°C to 150°C. 
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By setting the seawater-rock ratio to 10:1, and varying the fugacity of 02(g) and the 

temperature of the seawater (see models la-8d), it was possible to produce a hydrothermal 

fluid, which is highly reduced (Figure 6.5), containing some sulfur (Figure 6.6), and 

increasingly alkaline (Figure 6.7). In comparison, fluids obtained from similar water-rock 

experiments modelled using the EQ3/6 geochemical software, are also reduced, alkaline and 

containing sulfur (Macleod et al., 1994). Figure 6.8 shows how dissolved nitrogen N2(aq) can 

be reduced to NH3(aq) and NH+4(aq) under these conditions. Figure 6.9 shows pyrite being 

reduced to magnetite with increasing reducing conditions and higher temperature. Figure 

6.10 shows the concentrations of amino acids in mmoles, where glycine, methionine and 

alanine are the predominant acids (A). The predominance of glycine and alanine over the 

other amino acids is not unusual, but the strong presence of methionine (an amino acid 

containing sulfur) is. Although an essential amino acid, in living systems methionine is 

present in barely detectable quantities. However, in this sulfur-rich environmental model, it 

is one of the more dominant amino acids and thus does not reflect the biological systems that 

are understood today. The second cluster of amino acids (B), show aspartic acid, serine, 

asparagine, valine, glutamic acid, threonine, glutamine, isoleucine and leucine, and 

phenylalanine. Note that some of these amino acids in cluster B undergo phase changes as 

the temperature increases (for example, leucine is stable to -100°C, whereas isoleucine is 

stable between -100°C to 150°C). Both are represented by only one line on the graph. 

Cluster C represents the concentrations of tyrosine (top line) and tryptophan (bottom line). 

See Model la in Appendix 3 for concentrations of the amino acids and constraints used in 

the models. 

Lower seawater-rock ratios (1: 1 rather than 10: 1) give higher concentrations of sulfur 

and a higher pH, but the determination of the amount of seawater circulation through the 

early crust is necessarily speculative. However, during the growth of the hydrothermal 

system a period of low water-rock ratios must be met. Evidence from drill samples of 

ultramafic bodies (Eckstrand, 1975; Frost, 1985), indicates that some rocks may give higher 

concentrations of sulfur in a hydrothermal fluid. Models 5a-8d use a 1: 1 seawater-rock ratio 

that seems to overwhelm the chemistry of the system. Regardless of the values of the initial 

pH, Eh or logj02, ofthe seawater-rock reaction, the final values are unchanging, suggesting 

that the large volume of rock is buffering the system. 
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Figures 6.5-6.10. Reaction products in the Fe-Mg-Na-Ca-Al-Si02-CI-S-H20-C02 system as a result 

of the reaction between modem seawater and ultramafic rock (water-rock ratio = 10: 1). Plots show 

how the equilibrated system changes with respect to Eh (Fig.6.5), sulfide concentrations (Fig. 6.6), pH 

(Fig. 6.7), dominant nitrogen species (Fig.6.8), iron mineral precipitation and dissolution (Fig. 6.9), 

and amino acid concentrations (Fig. 6.10) over a polythermal path (20°C to \ 60°C). Total fugacity 

CO2 = 10 bars, inital fugacity O2 = 10-35 bars, initial fugacity N2 = 0.8 bars. Total mmol Mg2+ = 1 E-), 
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S02-4 = lE-6, Na+ = 5E-3, CI- = 7E-3, Ae+ = lE-6, Si02(aq) = JE-6, Fe2+ = lE-6. Figure 6.10, amino acids 

listed in order of decreasing concentration. At A. glycine. methionine and alanine. At B. aspartate. 

serine. asparigine. valine. glutamate, threonine. glutamine, isoleucine, and leucine. and phenylalanine. 

At C, tyrosine and tryptophan. 

Figures 6.5-6.10 show just some of the graphs that can be generated by each model, in this 

case the results are from model 1 a. It can be seen that the models generate a large amount of 

data, which is helpful in understanding the chemistry of the system, but more often than not, 

the data provide pointers to improving or better constraining the models. 

6.5 Conclusions 

The original purpose of this thermodynamic study was to establish the possible 

formation of amino acids in or around hydrothermal seepages from simple inorganic 

constituents such as CO/C02 and N~H3. Given that there is a possible supply of PAHs in 

the crust from the Early Bombardment, the difficulty of synthesis of amino acids is now less 

of a concern. Although the route taken to form amino acids may be idealised in this study 

and the concentrations of amino acids formed is disappointingly low, the result is a 'relative 

stability' model of amino acids with respect to each other in a submarine hydrothermal 

environments. Given that they may have been abundant, this model can help towards 

understanding their relative distribution and persistence in this environment in environments 

where water activities were less. Glycine, the simplest amino acid would seem to be the 

obvious choice as the precursor to other amino acids, but it is thermodynamically difficult 

for it to undergo condensation reactions to polymerise to form other amino acids. The results 

indicated that amino acids can be stable in a newly formed hot (150°C), alkaline, reduced 

hydrothermal fluid containing some sulfur and then remain intact upon re-mixing with the 

seawater. In Figure 6.10, the amino acids that are produced are grouped as A, D and C, and 

listed in order of decreasing concentration as follows: At A, glycine, methionine and alanine 

are the three most stable amino acids. At D, aspartate, serine, asparigine, valine, glutamate, 

threonine, glutamine, isoleucine, and leucine, and phenylalanine. At C, tyrosine and 

tryptophan. Thus glycine is the most stable of the 15 amino acids produced, and tryptophan 

the least stable. Methionine levels are relatively high compared with the other amino acids 

and thus the model contrasts with the exceedingly low levels of methionine in modem living 

systems. Perhaps methionine had a larger role to play in early Life, or perhaps the model is 

not an accurate representation of the desired system and production of methionine in the 

model should have been suppressed. However, this anomaly aside, the formation, stability 

and possibility of redox reactions between the other acids in the hydrothermal fluid as well 

as in seawater, coupled with a continuous supply of hydrogen from seawater and ultramafic 
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rock reactions, lend support to the notion that submarine hydrothermal environments may 

have provided favourable conditions for the emergence of life. 

The initial temperature of the seawater had an influence on the pH of the 

hydrothermal fluid produced on reaction with the oceanic crust. However, the seawater-rock 

ratio had a much greater effect on the pH of the fluid (see Chapter 4). The increase in 

concentration of reduced variants of redox couples such as S042'/HS' and/or H2S (Figure 

6.6), N2INH3 and/or NH/ (Figure 6.8), and C02/C~ (see Tables in Appendix 3) after the 

seawater-crust interaction, is consistent with the reduced nature of the hydrothermal fluid 

(Figure 6.5). Retention, rather than recombination of these and other reduced species has 

been shown to be favourable in subsea vents by free energy calculations (Clark et al., 1998). 

These results are in agreement with Amend and Shock's (1998) finding that the production of 

11 key amino acids has been shown to be energetically favoured at 100°C. Here, the 

experiments produce 15 key amino acids (Figure 6.10), albeit, here only in analytically 

undetectable quantities. There is an increasingly held view that FMQ conditions were 

unlikely in the early crust (Kasting and Brown, 1998), and in any case, would have been too 

oxidising for NH3 to predominate over N2. There was some difficulty in imposing more 

reduced conditions between 60°C to 80 °C in these models (see failed runs, models 4c, 4d, 

8c and 8d) and as such we only approach theoreticailogj02 values for FMQ. as calculated 

in Chapter 6. This prevents evaluation of more reduced oxidation states imposed by mineral 

buffers such as iron-wtistite (IW), but further tests could assess amino acid stability under 

IW conditions at relatively lower or higher temperatures to those tested, or greater crustal 

depths or even with a different crustal composition. However, the deduction that must be 

made from these results, is that the ranges of j 02 and temperature tested do not impact 

significantly on the concentrations of the three predominant amino acids, glycine, 

methionine and alanine. 

The seawater:rock reactions in the rock-dominated system (Models 5a-8d) do not 

allow any amino acid to be stable above 80°C. However, when the hydrothermal fluid 

produced from the rock-dominated system comes back into contact with seawater, amino 

acids are still produced. As a consequence of altering the seawater:rock ratio from 10: 1 to 

1: 1, the change in the relative proportion of amino acids is evident in models 5a-8d 

(Appendix 3). In order of decreasing concentration, glycine. methionine and alanine in the 

water-dominated system are now replaced by methionine, glycine and alanine in the rock

dominated system. Thus methione production in the model is clearly related to sulfur 

availability which is itself determined by the amount of rock reacted. 
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The minerals produced from the seawater-crust reaction model include pyrite and 

magnetite and in some cases graphite (Figure 6.9 and see models 1 a-8d). Magnetite and 

pyrite have been used in mineral-catalysis experiments, showing that in combination with 

reducing conditions (Figure 6.5), the reduction of the normally stable N2 to NH3 and NI-L + 

(Figure 6.8) is promoted (Brandes et af, 1998). The conversion of Fe(II) in olivine to Fe(1II) 

in magnetite to produce H2 and conversion of C02 to reduced-C species ( in this case, 

methane and graphite) has also been demonstrated (Berndt et af, 1996). 

The yields of amino acids in the model are extremely low. Further experiments (in 

which the formation of carbon minerals such as graphite and the nitrogen species, NH3, were 

suppressed), increased the yield of the amino acids by several orders of magnitude and in 

certain scenarios, this suppression could be justified. Experiments investigating the stability 

of amino acids in PPM buffered assemblages at 200°C/3 bar (Andersson and Holm, 2000), 

and 150°C/1O bar (Hennet et al., 1992) showed that amino acids can be stable over extended 

periods of time as hydrothermal pathways are traversed. Hennet et af. (1992), reported 

higher concentrations, generally in the mM region when compared to Andersson and Holm's 

(2000) f.M values. However, the difficulty of constraining the hydrothermal conditions, 

especially during the measurement stage, is clearly stated by Andersson and Holm (2000). 

Furthermore, decomposition of higher carbon amino acids, such as serine tend to contribute 

to the total analytical concentrations of lower carbon amino acids such as glycine, making 

the assessment of the stability of individual amino acids difficult. 

It is concluded that, given the presence of nitrogen and carbon in some reduced form 

(NH3 INI-L\reduced) or CI-L), the formation of 15 key amino acids is possible under 

hydrothermal conditions. The models predict the simpler amino acids as the more stable 

species under the tested conditions. Glycine was found to be the predominantly stable amino 

acid to be followed by methionine and alanine. An increase in the quantity of rock reacted 

with seawater, or increase in temperature and decrease in log f O2 did not produce any 

significant increase in concentration of the simple amino acids. 
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Chapter 7. Conclusions 

"The model orders, integrates and unifies a vast amount of experimental data and 

theoretical considerations coming from many disciplines. It meets the requirement of 

physical laws, simplicity, self-organisation, selection, continuity and testability". This 

statement (Muller, 1995; in reference to his own hypothesis) was in response to Oparin's 

(1938) 'materialistic' criteria for an origin of life model. The Russell and Hall theory (1997) 

meets all of these criteria. In the present study, the final criteria, testability, is applicable to 

the early stages (at least thermodynamically) of the Russell and Hall (1997) model, and its 

probability can be ascertained (Bernal 1960). However, as in most theses, the time allocated 

for study is limited. It was not possible to attempt to test all of the stages in the Russell and 

Hall hypothesis (1997), nor to verify each claim or counterclaim of the results of others. 

This was due in part to the sometimes limited thermodynamic data available at the 

temperatures and pressures of interest. However, given the required data, this should be 

surmountable. 

The result of this study is essentially a feasibility study of the Russell and Hall model, 

and an acquisition of the basics skills necessary to model such hypotheses. As far as the 

chemistry is concerned, much of it has been shown to be thermodynamically feasible. 

Furthermore, the chemistry of the Russell and Hall hypothesis has increasingly been 

demonstrated over the last ten years (Cody, Huber and Wachtershauser, Heinen and 

Lauwers, Rickard et ai., 2001) perhaps an indication that it is built on sensible proposals. 

The conclusions of this thesis are summarised below 

Hydrogen and pH 

It was demonstrated that in the environment envisaged in the Russell-Hall (1997) 

model, vent systems occurring on off-axis slow-spreading ridges, where seawater circulates 

deeper into the ultramafic oceanic crust through fractures and fissures, than at on-axis 

spreading centres, can produce hydrogen-rich (up to -40 mmol), alkaline (up to pH -9.5) 

fluids at relatively low temperatures «150°C). pH was thought to be controlled by the loss 

of magnesium from seawater and loss of calcium from the oceanic rock. 

Sulfur 

The availability of reduced sulfur in hydrothermal fluids is determined by the 

composition of the crust and thus the mineral assemblage by which the crust is buffered. 
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The results in this thesis indicate that -10 mmolar of sulfur would have been available. In 

addition they suggest that increased reducing conditions such as those resulting from 

hydrogen generation in serpentinisation reactions could increase sulfur availability. 

Wachtershauser's 'pyrite-pulled' theory was confirmed to be theoretically unsound, and the 

approach used to demonstrate this point and many others, indicated the power and flexibility 

of geochemical modelling codes, in particular the Geochemist's Workbench. 

The high-temperature hydrothermal systems modelled seemed to be a good representation of 

the types of systems found so far by others (Corliss, et al., 1979; Kelley et al., 2001). In 

addition the models also gave similar results to the many water-rock experiments conducted 

by Seyfried, Mottl and others (see Bibliography and Chapter 4). 

The mineral buffer experiments indicated that a more reduced crust may have promoted 

organic synthesis by preventing (hindering) the complete reduction of C02 to CI-4 

Amino acids were shown to be stable under a variety of conditions and perhaps able to 

condense into larger molecules due to changes in water activtiy. With the ability to represent 

chemical, physical and even biological processes, this hints at how useful a prediction tool 

geochemical modelling can be. 
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Appendix lA 

Figures A and B. Change of neutral pH with temperature. Neutral pHs (Figure A) 

calculated from ionization constant data (-log Kw) in Krauskopf (Figure 2.1, 1967, p34) and 

plotted in Figure B. 
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Figure A 
Neutral pH values at 0-300°C 

Temperature (0C) Neutral pH 

0 7.5 
25 7 
50 6.6 
100 6.1 
125 5.9 
150 5.8 
225 5.7 
300 5.9 

Figure B 

Temperature vs Neutral pH of 1120 

-+-Neutral pH 
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pH 
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Table A. Pressures corresponding to Boiling Curve of IhO 

Temperatures eC) 0.01 25 60 100 150 200 250 300 

Pressures (bar) 1.0132 1.0132 1.0132 1.0132 4.7572 15.5365 39.7365 85.8378 

Table showing pressures corresponding to the boiling curve of water at each temperature, as used in all models 

in this thesis. Data obtained from the thermo. com. vB. r6.full thermodynamic database (Johnson et al., 1992). 
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AppendixlB. ______________________________________ ~F~~i~gl~Jr~eS 

Table AI. Effect of temperature onfayalite and seawater system AI-A5 

Table A2. Effect of temperature onforsterite and seawater system A6-AJO 

Table A3. Effect of temperature on fayalite, forsterite and seawater system A I J -A J 5 

Table A4. Effect of temperature onfayalite, and seawater system, A16-A22 

with 0.0003 bars C02 

Table A5. Effect of temperature onfayalite, and seawater system, 

with I bar C02 

Table A6. Effect of temperature onfayalite, and seawater system, 

with 10 bars C02 

Table A7. Effect of temperature onforsterite, CO2 and seawater system, 

with 0.0003 bars C02 

Table AB. Effect of temperature onforsterite, CO2 and seawater system, 

with 1 bar C02 

Table A9. Effect of temperature onforsterite, CO2 and seawater system, 

with 10 bars CO2 

Table AIO. Effect of temperature onfayalite,forsterite, CO2 

and seawater system, with 0.0003 bars C02 

Table All. Effect of temperature onfayalite,forsterite, C02 

. and seawater system, with I bar CO2 

Table A12. Effect of temperature onfayalite,forsterite, C02 

and seawater system, with 10 bars C02 

A- 2 

A23-A29 

A30-A36 

A37-A43 

A44-A50 

A5J-A57 

A58-A64 

A 65-A 71 

A 72-A 78 



Table AI. Products resulting from I mmol Fayali te reacted with I kg of seawater at various 
temperatures. 

Table A I Favalite and Water 
Temp (OC) 10 50 90 150 200 250 

Amount Reacted 

Fayalite (ml//OI) I I I I I I 

Water (kg) I I I I I I 

Ueaction Products 

Minerals Greenalite 0.5 0.5 0.48 0.35 

(1111110 1) Magnetite 0.17 0.17 0 .175 0 .32 0.67 0.67 

Hematite -0 -0 

log fH2(g) In it (s/w) -1 8 - 15 -12 .5 -7 -3 0 

(bar) Fin (fluid ) -1.0 0.0 - 1.0 -0.5 0.0 0 .0 

log f02(g) Init (s/w) -53 -46 -40 -40 -40 -40 

(bar) Fin (fluid) -86 -74 -64 -52.5 -46 -40.5 

Eh In it (s/w) 0 .1 0.07 0 .05 -0.11 -0.25 -0.40 1 

(volts) Fin (fluid ) -0.5 -0.48 -0.45 -0.42 -0.4 1 -0.4 16 

pH In it (s/w) 7.25 6.62 6.2 5.8 5.61 5.54 

Fin (flu id) 9.25 8.4 7.16 6.3 5.8 1 5 .59 

Table A2. Products resulting from I mmol Forsterite reacted with I kg of seawater at 
various temperatures. 

Table A2 Forsterite and Water 
Temp ( OC) 10 50 90 150 200 250 

Amount Reacted 

Forsterite (111 mol) I I I I I I 

Water (kg) I I I I I I 

Reaction Products 

Minerals Brucite 0.5 0 .5 0.5 1 0.53 0.55 0 .57 

(1111"11.0 1) Antigorite 0.06 0.06 0.06 0.06 0.06 0 .06 

logJH2(g) Init (slw) -24 -17.5 - 12 .5 -7 -3 0 

(ba r ) Fin (fl uid ) -24 - 17.5 -12.5 -7 -3 0 

log J02(g) In it (slw) -40 -40 -40 -40 -40 -40 

(bar) Fin (fluid ) -40 -40 -40 -40 -40 -40 

Eh Init (s/w) 0.265 0. 16 0.05 -0.1 I -0.25 -0.4 

Fin (fluid) 0.065 -0.025 -0. 12 -0.26 -0.39 -0 .52 

pH In it (s/w) 7.25 6 .6 6.25 5.8 5.6 5.55 

Fin (fluid ) 10.75 9 .5 8.6 7.6 7.07 6.7 

A - 3 



Table A3. Products resulting from 0.1 mmol Fayalite, 0.9 mmol Forsteritc reac ted wi th I kg 

of seawater at various temperatures. 

Table A3 Fayalite Forsterite and Water 
Temp ( 0C) 10 50 90 150 200 250 

Amount Reacted 

TOlal Rock ( 1I1/1l0/) I I I I I I 

Forsleli le (11111101) 0.9 0.9 0.9 0.9 0.9 0.9 

Fayali le (1IlIl1o/) 0.1 0.1 0. 1 0.1 0.1 0.1 

Waler (kg) I I I I I I 

Reaction Products 

Minerals Brucile 0.3 0.295 0.3 1 0.33 0.35 0.:17 

(11111101) Magnclile 0.067 0.085 0 .067 0.067 0.067 O.0(i7 

Antigorile 0.059 0.059 0.059 0.059 0.059 0.058 

logjH2(g) Init (s/w) -18 · 15 -13 -7 ·3 -0.22 

(bar) Fin (fluid ) - 1.1 -1.0 - 1.0 - 1. 1 - 1.2 -0.2 

logj02(g) Inil (s/w) -52 -46 -40 -40 -39 -40 

(bar) Fin (fluid ) -86 -73 -63 -5 1 -44 -40 

Eh Inil (s/w) 0.1 0.07 0.05 -0. 11 -0.25 -0.4 

Fin (fluid ) -0.58 -0.56 -0.53 -0.5 1 -0.48 -0 .52 

pH Init (slw) 7.25 6.65 6.25 5.8 5.6 5.55 

Fin (fluid ) 10.8 9.5 8.6 7.6 7.1 6.7 

Table A4. Products resulting from I mmol Fayalite reacted with I kg of seawater at 0 .0003 

bar CO2(g) and various temperatures. 

Table A4 Fayalite, C02 (0.0003 bar) alld Water 
Temp (0C) 10 50 90 150 200 250 

Amount Reactcd 

Fayalile (Illmol) I I I I I I 

Waler (kg) I I I I I I 

logjC02(g) (bar) -3.5 -3.5 -3 .5 -3.5 -3.5 -3.5 

Rcaction Products 

Minerals Greenalite 0.5 0.5 0.485 0.34 

(mlllol) Magnelile 0. 17 0.17 0.175 0.325 0.66 0.67 

logjH2(g) Init (s/w) -23.5 - 18 -12.6 -7 -3.2 -0.23 

(bar) Fin (fluid ) - 1.00 -0.75 -0.67 -0.45 -0.25 -0.03 

logj02(g) In it (s/w) -4 1 -40 -40 -40 -40 -40 

(bar) Fin (fluid ) -86 -74 -64 -53 -46 -40.4 

logjC02(g) Init (s/w) -3 .5 -3.5 -3.5 -3.5 -3.5 -3.5 

(bar) Fin (fluid) -23 -18.8 -14.6 -10.7 -8.6 -4 .32 

logj CH4(g) Init (s/w ) -73 -55 -39 -2 1 -9.6 -0.35 

(bar) Fin (fluid) -2.5 -2.5 -2.5 -2. 5 -2.8 -0.35 

Eh In it (s/w) 0.34 0.2 1 0.08 -0.19 -0.25 -0.40 1 

Fin (fluid ) -0.5 -0.43 -0.45 -0.42 -0.4 1 -0.4 16 

pH Init (s /w) 5.6 5.75 5.85 5.76 5.6 5.55 

Fin (fluid ) 9.2 8.05 7.15 6.26 5.8 5.59 
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Table AS. Products resulting from I mmol Fayalite reacted with I kg of seawater at I bar 

0 2(,Ii) and various temperatures. Fugacities are in units of bars. 

Table A5 Fayalite C02 ( I bar) alld Water , 
Temp (OC) 10 50 90 150 200 250 

Amount Reacted 

Fayalite (Illmo/) I I I I I I 

Water (kg) I I I I I I 

log fC02(g) (bar) 0 0 0 0 0 0 

Reaction Products 

Mineral Quartz I 0.75 0.34 

(11111/0 /) Sideri te 1.1 2 1.6 

Magnetite 0.64 0.66 (J.67 

logfH2(g) In it (s/w) -24.2 - 17.8 - 12.6 -6.9 -3.2 -0 .23 

(bar) Fin (fluid) -10.00 -S.OO -5.40 -2.70 - 1.90 -0.23 

logf02(g) Init (s/w) -40 -40 -40 -40 -40 -40 

(!Jar) Fin (fluid) -69 -59 -54 .5 -48.4 -42.5 -4 0 

logfC02(g) Init (s/w) 0 0 0 0 0 0 

(bar) Fin (fluid) 0.032 -0.06 -0.09 -0.0 17 -0.0 11 -0 .0 1 

logJ CH4(g) Init (s/w) -62 ·5 1 -35 - 17.5 -6.1 3.15 

(bar) Fin (fluid) -14 -12.5 -6.5 - I - 1.1 3.15 

Eh Init (s/w) 0.45 0.325 0.2 0.0 1 -0.162 -0.337 

Fin (fluid) -0.025 -0.06 -0.15 -0.225 -0.25 -(J.352 

pH Init (s/w) 3.88 4 4.15 4.4 1 4.7 4.93 

Fin (fluid) 5.3 5.25 5.25 5. 11 4.98 5.07 

Table A6. Products resulting from I mmol Fayali te reacted with I kg of seawater at lObar 

CO2(g) and various temperatures. 

Table A6 Fayalite, C02 (10 bar) and Water 
Temp ( OC) 10 50 90 150 200 250 

Amount Reacted 

Fayalite (mmo /) I I I I I I 

Water (kg) I I I I I I 

logfC02(g) (bar) I I I I I I 

Reaction Products 

Mineral s Quartz 0.95 0.77 0.35 

(1IlIIIO/) Siderite 1.07 1.72 

Magnetite 0.64 0.67 

Graphite 148 

logJ H2(g) Init (s/w) -24.2 -17.7 -12.6 -6. -3.18 0.17 

(bar) Fin (fluid) -IO.S -S.3 -7.1 -4. 1 -2.19 0 .17 

logj02(g) Init (s/w) -40 -40 -40 -40 -40 -40.8 

(bar) Fin (fluid) -67 -58 -5 1 -45 .5 -42 -40.8 

logJC02(g) Init (s/w) I I I I I -0.604 

(bar) Fin (fluid ) 0.997 0.993 0.99 0.998 0.998 -0.604 

logj CH4(g) Init (s/w) -71 -5 1 -35 -16.5 -5. 1 4.15 

(bar) Fin (fluid ) - 17.5 -12.5 -12.5 -5.5 - 1.1 4.15 

Eh In it (s/w) 0.48 0.36 0.23 0.05 -0. 11 5 -0.386 

Fin (fluid) 0.05 0 -0.025 -0.125 -0.205 ·0.397 

pH Init (s/w) 3.37 3.5 3.65 3.9 4. 15 5.2 

Fin (fluid) 4.3 4.55 4.55 4.6 4.6 5.3 
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Table A 7. Products resulting from I mmol Forsterite reacted with I kg of seawater at 0.0003 

bar CO2(.1i) and various temperatures. 

Table A7 Forsterite, C02 (0.0003 bar) alld Wafer 
Temp (OC) 10 50 90 150 200 250 

Amount Reacted 

Forsterite (/Ilrllol) I I I I I 1 

Water (kg) I I I I I I 

10g/C02(g) (bar) -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 

Reaction Products 

Minerals Brucite 0.48 0.49 O.SI 0.53 0.55 057 

( /IIIIIO/) Antigorite 0.06 0.06 0.06 0.06 0.06 0.06 

log/H2(g) (nit (s/w) -24 - 17.7 - 12.6 -6.8 .~ -3.2 -0.2306 

(bar) Fin (fluid) -24 - 17.7 -12.6 -6.85 -3.2 -0 .2303 

logj02(g) Init (s/w) -40 -40 -40 -40 -40 -40 

(bar) Fin (fluid) -40 -40 -40 -40 -40 -40 

log/C02(g) In it (s/w) -3.5 -3 .5 -3.5 -3.5 -3.5 -:u 
(bar) Fin (fluid) -8.25 -6.7 -5.6 -4.4 -3.73 -3.5 

log/ CH4(g) Init (s/w) -75 -54 .8 -38.9 -2 1 -9.55 -0.35 

(bar) Fin (fluid) -79.8 -57 .9 -4 1 -2 1.9 -9.79 -0.35 

Eh In it (s/w) 0.35 0.22 0.075 -0.11 -0.25 -0.4 

Fin (fluid) 0.07 -0.025 -0.12 -0.26 -0.39 -0.52 

pH Init (s/w) 5.6 5.75 5.8 5.75 5.6 5.75 

Fin (fluid) 10.8 9.5 8.6 7.65 7.07 6.7 

Table AS. Products resulting from I mmol Forsterite reacted with I kg of seawater at I bar 

CO2(g) and various temperatures. 

Table AB Forsterite, C02 (I bar) alld Wafer 
Temp (OC) 10 50 90 150 200 250 

Amount Reacted 

Forsterite I I I 1 I 1 

Water (kg) I I I I I I 

logjC02(g) (bar) 0 0 0 0 0 0 

Reaction Products 

Minerals Quartz 0.95 0.77 0.34 

(/ill/w i ) Magnesite 0.92 0.4 054 

Talc 0.15 

Ant igorite 0.05 0.06 

logjH2(g) (nit (s/w) .-24.2 -17 .7 - 12.6 -6.85 -3. 18 -0.23 

(bar) Fin (nuid) -24.2 -17.7 · 12.6 ·6.85 -3.18 -0.22 

log/02(g) Init (s/w) -40 -40 -40 -40 -40 -40 

(bar) Fin (fluid) -40 -40 -40 -40 -40 -40 

log/C02(g) Init (s/w) 0 0 0 0 0 0 

(bar) Fin (fluid) -0.032 -0.085 -0.17 -0.13 ·0.06 -0.04 

log/ CH4(g) Init (s/w) -71.62 -5 1.28 -35.42 - 17 .5 -0.606 .. 15 

(bar) Fin (fluid ) -71.64 -5 1.36 -35.59 - 17 .6 -6. 11 3.15 

Eh (nit (s/w) 0.45 0.33 0.2 0 -0. 16 -0.34 

Fin (fluid) 0.37 0.22 0.065 -0.13 -0.29 -0.46 

pH Init (s/w) 3.86 4 4.2 4.4 4.65 4.9 

Fin (fluid) 5.33 5.62 6 6 6 6.1 
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Table A9. Products resulting from I mmol Forsteri te reacted with I kg of seawater at lObar 

CO2(,!?) and various temperatures. 

Table A9 Forsterite C0 2 (1 0 bar) and Waler 
Temp (0C) 10 50 90 150 200 250 

Amount Reacted 

Forslerile (1111/101) I I I I I I 

Waler (kg) I I I I I I 

logfC02(g) (bar) I I I I I I 

Reaction Products 

Minera ls Magnes ile 1.45 

(/I II/wi ) Graphile 149 

Anligorile 0.06 

Brucile 0.52 

Quartz 0.95 0.77 0.34 0.375 

logf H2(g) In il (s/w) -24.22 -1 7.7 - 12.6 -6.85 -:1. 18 0 .17 

(bar) Fin (fluid) -24.22 - 17.7 - 12.6 -6.85 -3.18 0 .17 

logj02(g) Inil (s/w) -40 -40 -40 -40 -40 -40.8 

(bar) Fin (fluid ) -40 -40 -40 -40 -40 -40.8 

logfC02(g) Inil (s/w ) 0 0 0 0 0 0 

(bar) Fin (fluid ) -0.032 -0.085 -0. 17 -0.13 -0.06 -0 .04 

logf CH4(g) Init (s/w) -71.62 -5 1.28 -35.42 - 17.5 -6.06 3.15 

(ba r) Fin (fluid ) -71.64 -5 1.36 -35 .59 - 17.6 -6. 11 3.15 

Eh Init (s/w) 0.45 0.33 0.2 0 -0.16 -0 .3-1 

Fin (fluid ) 0 .37 0.22 0 .065 -0.13 -0.29 -0.46 

pH Init (s/w) 3.86 4 4.2 4.4 4.65 4.9 

Fin (fluid ) 5.33 5.62 6 6 6 6 .1 
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Table AW. Products resulting from 0.1 mmol Fayalite, 0.9 mmol Forslerile reacted with 

I kg of seawater at 0.0003 bar CO2(g) and various temperatures. 

Table Al a Fa)'alite Forsterite C02 (0 0003 bar) alld Water . . 
Temp (OC) 10 50 90 150 200 250 

Amount Reacted 

Total Rock (mmo/) I I I I I I 

Forsterite (mmo/) 0.9 0.9 0.9 0.9 0.9 0.9 

Fayalite (mlllo/) 0.1 0.1 0.1 0.1 0.1 0.1 

Water (kg) I I I I I I 

log/C02(g) (bar) -3 .5 -3.5 -3.5 -3.5 -3.5 -3.5 

Reaction Products 

Minerals Brucite 0.29 0.29 0.3 1 0.326 0.35 0.36 

(11111/0/) Magnet ite 0.067 0.067 0.067 0.067 0 .067 0.067 

Antigorite 0.058 0.059 0.058 0.058 0.058 0.058 

log/H2(g) Init (s/w) -23 -17.7 - 12 .6 -6.8 -3.2 -0.23 

(bar) Fin (fluid) -5 -1.3 -1.2 - 1.2 - 1.25 -0.205 

log/02(g) Init (s/w) -4 1 -40 -40 -40 -40 0 

(bar) Fin (fluid) -79 -72.5 -60.3 -51.2 -43 .8 -40.05 

log/C02(g) Init (s/w) -3.5 -3.5 -3.5 -3.5 -3 .5 - .5 

(bar) Fin (fluid) -9 -16.2 - 12.5 -7.7 -4.5 -3.6 

log/ CH4(g) In it (s/w) -73 -55 -38 -21 -9.5 -0.35 

(bar) Fin (fluid) -2 -2 -2.5 -2.5 -3 -0.l.5 

Eh Init (s/w) 0.34 0.2 0.08 -0. 11 -0.25 -0.4 

Fin (fluid) -0.49 -0.55 -0.52 -0.5 -0.475 -0 .52 

pH Init (slw) 5.6 5.75 5.8 5.75 5.6 5.55 

Fin (fluid) 10.8 9.5 8.6 7.6 7.08 6.7 
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Table All. Products resu lting from 0.1 mmol Fayalite, 0.9 mmol Forstcritc reacted with 

I kg of seawater at I bar CO2(g) and various temperatures. 

Table A II Fayalite. Farsrerire. C02 ( I bar) alld Wa rer 
Temp (0C) 10 50 90 150 200 250 

Amount Reacted 

Total Rock (11/11101) I I I I I I 

Forsterite (IIIII/O/) 0.9 0.9 0.9 0.9 0.9 0.9 

Fayalite (mlllol) 0. 1 0.1 0. 1 0.1 0.1 0.1 

Water (kg) I I I I I I 

log!C0 2(g) (bar) 0 0 0 0 0 0 

Reaction Products 

Minerals Quartz 0.95 0.77 034 

(Illmo/) Siderite 0.175 

Magnesite 0.72 0.28 O.D 

Talc 0.15 0.065 0.057 

Magnetite 0.06 0.065 0.067 

Antigorite 0.05 

logf H2(g) In it (s/w) -24.2 -17.7 -12.6 -6.8 -3.18 -0.23 

(bar) Fin (fluid) -11.2 -8.2 -5.2 -2.8 -2.19 -0.22 

log!02(g) Init (s/w) -40 -40 -40 -40 -40 -40 

(bar) Fin (fluid) -66 -58 -54 .8 -47 .8 -42 -40.0 1 

logfC02(g) Init (s/w) 0 0 0 0 0 0 

(bar) Fin (fluid) -0.032 -0.085 -0. 16 -0.12 -0 .046 -0.028 

logf CH4(g) Init (s/w) -71 -51 -35 - 17 .5 -6 3.1:'i 

(bar) Fin (fluid) -20 -3 1 -7 -2 -2.1 3.15 

Eh Init (s/w) 0.45 0.325 0.2 0 -0.16 -0.34 

Fin (fluid) 0.02 -0.075 0.2 -0.29 -0.34 -0.455 

pH In it (s/w) 3.88 4 4.2 4.4 4.66 4.9 

Fin (fluid) 5.32 5.6 6 6 6 6.05 
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Table A12. Products resulting from 0 . 1 mmol Fayalite, 0.9 mmol Forstcrite reacted with 

I kg of seawater at lObar CO2(g) and various temperatures. 

. . Table A1 2 Fa ),alite Forsterite C02 (10 bar) alld Water 
Temp (0C) 10 50 90 150 200 250 

Amount Reacted 

TOlal Rock ( IIIIIIO/) I I I I I I 

Forslerile (mlllo!) 0.9 0.9 0.9 0.9 0.9 0.9 

Fayalile (mlllo!) 0.1 0. 1 0.1 0.1 0.1 0.1 

Waler (kg) I I I I I I 

logJC02(g) (bar ) I I I I I I 

Reaction Products 

Minerals Quartz 0.95 0.77 0.33 

(mll/o/) Siderile 0 .18 

Magnesite 0 .18 1.25 

Magnetil e 0.07 0.067 

Graphite 149 

Brucile 0.32 

Anligorile 0.058 

logJ H2(g) In it (slw ) -24.2 - 17.7 - 12.6 -6.8 -3.18 0.17 

(ba r ) Fin (fluid ) -1 2.8 -9 -7.3 -4.1 -2.42 0.17 

logJ02(g) Init (s/w) -40 -40 -40 -40 -40 -40.8 

(bar) Fin (fluid ) -63 -57.2 -50.5 -45 .6 -4 1.5 -40.8 

logfC02(g) Init (s/w) I I I I I -0.604 

(bar) Fin (fluid ) 0.997 0.992 0.986 0.982 0.986 -0.604 

logJ CH4(g) Inil (s/w) -70 -50 -34.5 - 16.5 -5 .1 4. 15 

(bar ) Fin (fluid) -25 -15 -13 -5.4 -2.1 4.15 

Eh Inil (s/w) 0.48 0.35 0.235 0.05 -0.12 -0.385 

Fin (fluid ) 0. 11 0.02 -0.04 -0. 18 -0.26 ·0 .5 15 

pH In il (s/w) 3.37 3.5 3.65 3.9 4.15 5.2 

Fin (fluid) 4.3 4.75 4.87 5.3 5.3 6.45 
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Appendix2 ________________________________________ ~F~ig~u~r~es 

Products resulting from 1 mmol Fayalite reacted with 1 kg of seawater at various 

temperatures AI-A5 

Products resulting from 1 mmol Forsterite reacted with 1 kg of seawater at various 

temperatures A6-AIO 

Products resulting from 0.1 mmol Fayalite and 0.9 mmol Forsterite reacted with 1 kg 

seawater at various temperatures All - Al5 

Products resulting from 1 mmol Fayalite and 0.0003 bar C02 reacted with 1 kg seawater at 

various temperatures AI6 - A22 

Products resulting from 1 mmol Fayalite and 1 bar C02 reacted with 1 kg seawater at various 

temperatures A23 - A29 

Products resulting from 1 mmol Fayalite and lObar CO2 reacted with 1 kg seawater at 

various temperatures A30 - A36 

Products resulting from 1 mmol Forsterite and 0.0003 bar C02 reacted with ] kg seawater at 

various temperatures A37 - A43 

Products resulting from 1 mmol Forsterite and 1 bar C02 reacted with ] kg seawater at 

various temperatures A44 - A50 

Products resulting from 1 mmol Forsterite and lObar CO2 reacted with 1 kg seawater at 

various temperatures A5] - A57 

Products resulting from 1 mmol Forsterite, Fayalite and 0.0003 bar C02 reacted with 1 kg 

seawater at various temperatures A58 - A64 

Products resulting from 1 mmol Forsterite, Fayalite and 1 bar CO2 reacted with 1 kg seawater 

at various temperatures A65 - A 71 

Products resulting from 1 mmol Forsterite, Fayalite and lObar C02 reacted with I kg 

seawater at various temperatures A 72 - A 78 

Arrows on plots indicate direction of reaction between initial and final states of the system. 
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Figures Al - AS. Products resulting from I mmol Fayalite reacted with I kg eawater at 

various temperatures 
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Figure A4 
Oxidation State 
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Figures A6 - AlO. Products resulting from 1 mmol Forsterite reacted with I kg seawater at 

various temperatures 
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Figure A9 
Oxidation State 
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Figures AII-Al5. Products resulting from 0.9 mmol Forsterite and 0.1 mmol Fayalite 

reacted with I kg seawater at various temperatures 
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Figure A14 
Oxidation State 
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Figures A16-A22. Products resulting from 1 mmol Fayalite and 0.0003 bar C02 reacted 

with 1 kg seawater at various temperatures 
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Figure A19 
C02 Fugacity 
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Figure A22 
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Figures A23-A29. Products resulting from 1 mmol Fayalite and 1 bar C0 2 reacted with 1 kg 

seawater at various temperatures 
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Figure A26 
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Figure A29 
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Figures A30-A36. Products resulting from 1 mmol Fayalite and lObar C02 reacted w ith 

I kg seawater at various temperatures 

FigureA30 
Minerals 

-+- Quartz 

1000 __ Siderite 

-+- Magnetite 
100 ~Graphite 

0 
E 
E 10 

~ 

00 150 

0.1 

Temperature (OC) 

Figure A3i 
Hydrogen Fugacity 

5 

0 • 
-5 .: 'C' • e -10 • t • H2(g) (slwater) - i 

• • H2(g) (fluid) Cl -15 
..Q • -20 

-25 • 
-30 

0 50 100 150 200 250 

Temperature (0C) 

Figure A32 
Oxygen Fugacity 

0 

-10 

-20 

'C' -30 cu .02(g) (slwater) .0 
:::- -40 • t ( • . 02(g) (fluid) 
~ -50 ~ • 

-60 • 
-70 • 
-80 

0 50 100 150 200 250 

Temperature 
A-24 



Figure A33 
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Figure A36 
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Figures A37-A43. Products resulting from 1 mmol Forsterite and 0.0003 bar C02 reacted 

with I kg seawater at various temperatures 
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Figure A40 
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Figure A43 
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Figures A44-ASO. Products resulting from 1 nunol Forsterite and 1 bar C0 2 reacted with 

1 kg seawater at various temperatures 
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Figure A50 
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Figure A51 - A57. Products resulting from 1 mmol Forsterite and 10 bar C02 reacted with 

1 kg seawater at various temperatures 
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Figure A57 
System pH 
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Figures A58-64 Products resulting from 1 mmol Forsterite, Fayali te and 0.0003 bar 2 

reacted with 1 kg seawater at various temperatures 
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Figure A61 
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Figure A64 
System pH 
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Figures A65 - A 71. Products resulting from 1 mmol Forsterite, Fayalite and I bar 2 

reacted with 1 kg seawater at various temperatures 
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Figure A68 
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Figure A71 
System pH 
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Figures A 72-A 78. Products resulting from 1 mmol Forsterite, Fayalite and lObar 2 

reacted with 1 kg seawater at various temperatures 
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Figure A75 
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Figure A78 
System pH 
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Appendix 3 

Resultsfor wlr ratio 10:1, logf02(g) -35 and seawater temperature 20°C 

Resultsfor wlr ratio 10:1, logf02(g) -35 and seawater temperature 40°C. 

Resultsfor wlr ratio 10:1, logf02(g) -35 and seawater temperature 60°C. 

Results for wlr ratio 10: 1. log ( OZIgl -35 and seawater temperature 80°C. 

Results for w/r ratio 10.'1, log f 02(g) -45 and seawater temperature 20DC. 

Results for wlr ratio 10.'1, log/ 02(g) -45 and seawater temperature 40DC. 

Results for wlr ratio 10.'1, log f 02(g) -45 and seawater temperature 60°C. 

Results for wlr ratio 10.'1. log ( O~ -45 and seawater temperature 80DC. 

Resultsfor wlr ratio 10.'1, log/02(g) -55 and seawater temperature 20°e. 

Results for wlr ratio 10.'1, log f 02(g) -55 and seawater temperature 40°C. 

Results for wlr ratio 10.'1, log f 02(g) -55 and seawater temperature 60°C. 

Results for wlr ratio 10:1. log (0Z£gJ -55 and seawater temperature 80ne. 
Results for wlr ratio 10: 1, log/ 02(g) -65 and seawater temperature 20DC. 

Results for wlr ratio 10: 1, log / 02(g) -65 and seawater temperature 40DC. 

Resultsfor wlr ratio 10.'1, log/02(g) -65 and seawater temperature 60°C. 

Results for wlr ratio 10.'1. log fOZ£gJ -65 and seawater temperature 80De. 

Results for wlr ratio 1: 1, log/ 02(g) -35 and seawater temperature 20DC. 

Results for wlr ratio 1.'1, log/ 02(g) -35 and seawater temperature 40DC. 

Resultsfor wlr ratio 1.'1, logf02(g) -35 and seawater temperature 60°C. 

Results for wlr ratio 1.'1. log (O~ -35 and seawater temperature 80De. 

Resultsfor wlr ratio 1:1, log/02(g) -45 and seawater temperature 20De. 
Results for wlr ratio 1.'1, log f 02(g) -45 and seawater temperature 40DC. 

Results for wlr ratio 1.'1, log f 02(g) -45 and seawater temperature 60°C. 

Results for wlr ratio 1.'1. log ( 021.zl -45 and seawater temperature 8(1'e. 

Results for wlr ratio 1: 1, log f 02(g) -55 and seawater temperature 20nc. 

Results for wlr ratio 1.'1, log f 02(g) -55 and seawater temperature 40nc. 

Results for wlr ratio 1.'1, log f 02(g) -55 and seawater temperature 60ne. 
Results (or wlr ratio 1.'1. log ( O~ -55 and seawater temperature 80nC. 

Results for wlr ratio 1.'1, log f 02(g) -65 and seawater temperature 20°C. 

Results for wlr ratio 1.'1, log/ 02(g) -65 and seawater temperature 40nc. 

Results for wlr ratio 1: 1, log/ 02(g) -65 and seawater temperature 60nC. 

Results for wlr ratio 1.'1. log (02(g) -65 and seawater temperature 8(1'e. 
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Key for Appendix 3 

w/r water/rock ratio f fugacity 

s/w, seawater Hadean seawater fluid hydrothennal fluid 

rock ultramafic rock 

Amino acids 

Gly Glycine Met Methionine Ala Alanine 

Asp Aspartate (or Aspartic acid) Ser Serine Asn Asparagine 

Glu Glutamate (or Glutamic acid) Val Valine Thr Threonine 

Gin Glutamine lIe Isoleucine Leu Leucine 

Phe Phenylalanine Tyr Tyrosine Trp Tryptophan 
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Modell a 
Experimenta l Results for wlr r alio l O: l , log f 02(g) ·35 li nd sfw Icm pcrlll ll rc 200C 

SeawaterlRock Products FluidiSeawnicr Produc .. 

Initial Final Swaler Fluid 1'111111 
log f 02(g) -34.75 -48 -34 .75 150 -.~6 .1 
Temp (0C) 20 150 20 150 H5 

pH 3.39 6.26 3.39 6.26 .\ 1 
E h(Vol!s) -0.52 -0.33 0.52 -0.33 -0 K 

Minerals(m mol) Magnes ite 2 13 Talc 19 Graphite 1.7 .~ 

Saponi te-Mg 83 Graph ite I3A 

Dolomite-ord 82 Ant igori te 10 

Magnet ite 28 Pyri te 5.7 

Amino Acids Gly 6.80E- 15 Val Phe Gly 1.25E-17 lu Ph.: 
(m mol) Met 1.90E-1 6 Glu Tyr Met 3. IOE-20 01 T)T 

Ala 5.00E- 19 Thr Trp Ala 1.25E-2, lllr Trp 
Asp Gin Asp In 

Ser lie Ser lie 

Asn Leu Asn Leu 

Dissolved s pecies 504·· IUS HS· 504·· 112. 11.' , 

(mmol) -0 0.0078 0.005 - 0 O.OQ ~OE-05 

N2 NIB NH4+ N2 113 II ~+ 

0. 1 0.325 0.6 - 0 8.50E-0.\ 2.25 

CO2 C H4 CO2 114 

-5 IA 4.05E+02 6~80E-04 

H2 112 

0.004 I AOE-05 

Model Jb 

Experimental Results for \VIr ratio 10 :l , log f 02(g) ·35 lind s/w lemper il lure 40' 

Seawater/Rock Products AuidlSea~ter Products 

Initia l F inal Sellwlllcr F luid Final 

log f02(g) -34.78 -49.2 -34.78 -49.2 

Temp COC) 40 150 40 150 .5 

pH 3.45 6.6 3.45 6.6 4. 

Eb(Volts) 0.46 -0.38 0.46 -0.38 -0. 11 

M inerllls(mmol) Dolomite-Ord 82 An tigorite 17 Graphi te 6.3 

Magnesite 57 Graphite 9.2 Diaspore 6.50E-04 

Saponite-Mg 35 Clinochlore- I 8 

Magneti te 28 Pyrite 5.7 

Amino Acids Gly 5.50E- 15 Val Phe Gly 2.75E· 17 lu Phe: 

(mmol) Met 5.00E-1 6 Glu Tyr Met 1.70E-19 a l Tyr 
Ala 6.50E- 19 Thr Trp Ala 6.00 ·23 TIlr Trp 
Asp Gin Asp In 

Ser lie Ser lie 

Asn Leu AS J1 Leu 

Dissolved species 504·· H2S HS· S04· · 112 liS· 

(mmol) -0 0.009 0.0125 - 0 0.022 3E·Q.\ 

N2 NH3 NH4+ N2 NIH N1I4+ 

0.048 0.43 0.36 -0 0.0017 I.~ 

CO2 C H4 CO2 CI14 

- I 3.S 237 0.0025 

H2 1-12 

0.0065 4.00E-OS 

A -47 



Model Ie 

Experimental Results for w/r ratio 10:1, log f 02(g) -35 and s/w temperature 60°C 

SeawaterlRock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) -34.8 -50 -34.8 -50 -54 

Temp (0C) 60 150 60 150 105 

pH 3.52 7.25 3.52 7.25 4.7 

Eh(Volts) -0 -0.47 -0 -0.47 -0.14 

Minerals(mmol) Dolomite-ord 73 Calcite 9 Graphite 15.8 

Magnetite 28 Pyrite 5.6 

Antigorite 20 Saponite-Ca 2.8 

Clinochlore-I ' 13.2 

Amino Acids Gly 3. IOE- 15 Glu Gin Gly 6.50E- 17 Glu Phe 

(mmol) Met 8.20E- 16 Thr Tyr Met 4.00E- 18 Val Tyr 

Ala 5.50E- 19 lie Trp Ala 2.60E-22 lllr Trp 

Asp Leu Asp GIn 

Ser Asn Ser lie 

Val Phe Asn Leu 

Dissolved species S04-- H2S HS- S04-- H2S HS-

(mmol) -0 0.012 0.16 -0 0.17 0.003 

N2 NH3 NH4+ N2 NIB NH4+ 

-0.00 1 0.68 0.06 0.0 1 0 .0035 1.5 

CO2 CH4 CO2 CH4 

-0 8 155.5 0.0086 

H2 H2 

0.0155 1.00E-04 

Modelld 

Experimental Results for w/r ratio 10:1, log f 02(g) -35 and s/w temperature 80°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Scawatcr Fluid Final 

log f 02(g) -34.82 -51 -34.82 -51 -52.5 

TempeC) 80 150 80 150 11 5 

pH 3.6 8.25 3.6 8.25 4.87 

Eh(Volts) -0.35 -0.54 -0.35 -0.54 -0.15 

Minerals(mmoI) Calcite 47 Clinochlore-14A 13.7 Graphite 15.5 

Dolomite-ord 35 Pyrite 5.2 Diaspore 0.0065 

Magnetite 28 Pyrite 0.001 

Antigorite 20 

Amino Acids None stable above 137°C Gly 1.80E-16 Glu Phe 

(mmoI) Met 7.00E-16 Val Tyr 

Ala 1.25E-2 1 Thr Trp 

Asp GIn 

Scr lie 

Asn Leu 

Dissolved species S04-- H2S HS- S04-- H2S HS-

(mmol) -0 0.0078 0.0042 -0 1.05 0.D28 

N2 NIl3 NH4+ N2 NH3 NH4+ 

-0 -0 -0 -0 0.0077 1.4 

CO2 CH4 CO2 CH4 

-5 1.37 115.5 0.025 

H2 H2 

0.0041 0.00025 

A -48 



Model2a 

Experimental Results for w/r ratio 10:1, log f 02(g) -45 and s/w temperature 20°C 

Seawater/Rock Products Flu id/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) -44.75 -49 -44.75 -49 -56.5 

Temp (OC) 20 150 20 150 85 

pH 3.25 6.25 3.25 6.25 4.) 

Eh(Volts) 0.37 -0.34 0.37 -0.34 -0.08 

Minerals(mmol) Magnes ite 2 13 Talc 19 Graphi te 1.74 

Saponite-Mg 83 Graphite 13.5 

Dolomite-ord 82 Antigorite 10 

Magnetite 28 Pyrite 5.7 

Amino Acids Gly 6.70E- 15 Val Phe Gly 1.25E-17 Gill Phe 

(mmol) Met 2.00E- 16 Glu Tyr Met 3.30E-20 Val Tyr 

Ala 5.00E- 19 Thr Trp Ala 1.25E-23 Thr Trp 

Asp Gin Asp Gin 

Ser lie Ser lie 

Asn Leu Asn Leu 

Dissolved species S04-- H2S HS- S04-- H2S HS-

(mmol) - 0 0.0078 0.005 -0 0.0 13 8.50E-05 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.1 0.326 0.6 -0 8.50E-04 2.25 

CO2 CH4 CO2 CH4 

-5 1.4 4.05E+02 7 .00E-04 

H2 H2 

0.004 1.40E-05 

Modcl2b 

'x cnmen a esu or w r ra to : , og g - an \V E t I R Its f t' 10 I I f 02( ) 45 d sf t cmper a ure 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f 02(g) -44.78 -49.3 -44.78 -49.3 -55 

Temp ceC) 40 150 40 150 95 

pH 3.5 6.6 3.5 6.6 4.5 

Eh(Volts) 0.31 -0.375 0.3 1 -0.375 -0.12 

Minerals(mmol) Dolomite-ord 83 Antigorite 16.8 Graphite 6.4 

Magnesite 56 Graphite 9.25 Diaspore -0 

Saponite-Mg 34 Clinochlore-14A 8 

Magnetite 28 Pyrite 5.7 

Amino Acids Gly 5.50E- 15 Val Phe Gly 2.80E- 17 Glu Phe 

(mmol) Met 5.00E- 16 Glu Tyr Met 1.70E- 19 Val Tyr 

Ala 6.50E-1 9 Thr Trp Ala 6.00E-23 Thr Trp 

Asp Gin Asp Gin 

Ser lie Ser lie 

Asn Leu Asn Leu 

Dissolved species S04-- H2S lIS· S04-- H2S HS-

(mmol) -0 0.009 0.013 - 0 0.023 0.00025 

N2 NH3 NH4+ N2 NID NH4+ 

0.04 0.435 0.337 -0.01 0.00 17 1.75 

CO2 CH4 CO2 CH4 

-I 3.55 237 0.0025 

H2 H2 

0.0065 4.00E-05 

A -49 



Modcl2c 

Experimenta l Results for w/r r atio 10:1 , log f 02(g) ·45 and S/W temperature 60°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) ·44.8 ·50 -44.8 -SO ·53 .6 
Temp (0C) 60 ISO 60 150 105 

pH 3.5 7.6 3.5 7.6 4.7 

Eh(Volts) 0.25 -0.47 0.25 -0.47 -0. 14 

M inerals(mmol) Dolomitc-ord 73 Calci te 8.5 Graphitc 15.6 

Magnetite 27 Pyrite 5.7 Diaspore 0.006 

Antigorite 20 Saponitc-Ca 3.2 Pyrite 9.00E-04 

Clinochlorc-14A 13 

Amino Acids Gly 2.80E- 17 Val Phe Gly 7.00E· 17 Glu Phe 

(mmoI) Met 1.70E- 19 Glu Tyr Mel 3.80E- 18 Val Tyr 

Ala 6.00E-23 Thr Trp Ala 2.70E-22 TIll' Trp 

Asp Gin Asp GIn 

Ser lie Ser lie 

Asn Leu Asn Leu 

Dissolved species S04·· H2S HS· S04·· H2S HS· 

(mmol) -0 0.012 0.1 6 -0 0.17 0.003 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.0 1 0.68 0.06 0.0 1 0.0035 1.5 

CO2 CH4 CO2 CH4 

-0 8 155.5 0.0085 

H2 H2 

0.0 15 1.00E-04 

Model2d 

f Ex erimental Results or w r ratio : , og g • an 10 1 I f 02( ) 45 d sI w temperature 80°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) -44.84 ·50.5 -44.84 ·50.5 ·52.3 

Temp (0C) 80 150 80 150 11 5 

pH 3.6 8.25 3.6 8.25 4.88 

Eh(Volts) 0.18 -0.55 0.1 8 ·0.55 -0.17 

M inerals(mmoI) Calcite 46 Antigorite 20 Graphite 15.5 

Dolomite-ord 35 Clinochlorc·14A 13.8 Diaspore 0.0065 

Brucite 30 Pyrite 4.15 Pyrite 0.00 1 

Magnetite 27 

Amino Acids None stable above -137°C Gly 1.80E· 16 Glu Phe 

(mmoI) Met 7.00E-17 Val Tyr 

Ala 1.25E-21 Thr Trp 

Asp Gin 

Ser lie 

Asn Leu 

Dissolved species S04·· H2S HS· S04·· H2S HS· 

(mmol) -0 0.0 168 1.05 -0 1.05 0.028 

N2 NH3 NH4+ N2 NIB NH4+ 

-0 0.71 0.02 0.01 0.0077 1.4 

CO2 CH4 CO2 CH4 

-0 8 11 5.5 0.025 

H2 H2 

0.04 0.00025 

A-50 



Model 3a 

Experimental Results for w/r ratio 10:1, log f 02(g) ·55 and s/w tem perature 20°C 

Seawater/Rock Prod ucts Fluid/Seawater Products 

Ini tia l Fina l Senwnter Fluid Final 

log f 02(g) -54.75 -49 -54.75 -49 -56.3 

Temp ("C) 20 150 20 150 85 

pH 3.4 6.3 3.4 6.3 4.3 

Eh(Volts) 0.225 -0.32 0.225 -0.32 0.08 

Minerals(mmol) Magnesite 213 Talc 20 Graphite 1.74 

Saponite-Mg 83 Graphite 13.4 

Dolomite-ord 82 Antigorite 10 

Magnetite 28 Pyrite 6 

Amino Acids Gly 6.70E- 15 Val Phe Gly 1.25E-17 Gill Phe 

(mmol) Met 2.00E- 16 Glu Tyr Met 3.25E-20 Val Tyr 

Ala 5.00E-19 Thr Trp Ala 1.25E-23 lllr Trp 

Asp Gin Asp Gin 

Ser lie Ser lie 

Asn Leu ASIl Leu 

Dissolved species S04·· H2S HS· S04.· H2S HS· 

(mmol) -0 0.008 0.005 -0 0.0 13 8.50E-05 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.1 0.33 0.6 -0 8.50E-04 2.25 

CO2 CH4 CO2 CH4 

-5 1.4 4.05E+02 7.00E-04 

H2 H2 

0.004 1.40E-05 

Model 3b 

Experimental Results for w/r ratio 10:1, log f 02(g) ·55 and S/W temperature 40°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial F ina l Seawater Fluid Fina l 

log f02(g) -54.78 -49.3 -54.78 -49.3 -55 

Temp ("C) 40 150 40 150 95 

pH 3.5 6.55 3.5 6.55 4.5 

Eh(Volts) 0. 15 -0.375 0. 15 -0.375 ·0. 12 

M inerals(mmol) Dolomite-ord 82 Antigorite 17 Graphite 6.4 

Magnesite 60 Graphite 9.2 Diaspore 6.50E-04 

Saponile-Mg 35 Cl inochlore- 14A 8 

Magetile 28 Pyrite 5.7 

Amino Acids Gly S.50E- 15 Val Phe Gly 2.80E- 17 Glu Phe 

(mmol) Met 5.00E- 16 Glu Tyr Met 1.70E- 19 Val Tyr 

Ala 6.50E- 19 Thr Trp Ala 6.OOE·23 Thr Trp 

Asp Gin Asp Gin 

Ser lie Ser lie 

Asn Leu Asn Leu 

Dissolved species S04 •• H2S HS· S04·· H2S HS· 

(mmol) -0 0.009 0.0 13 -0 0.022 0.00025 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.04 0.44 0.37 -0 0.0017 1.75 

CO2 CH4 CO 2 CH4 

- I 3.5 237 0.0025 

H2 H2 

0.0065 4.00E-05 

A-5 1 



Model 3c 

Experimental Results for w/r ratio 10:I,log f 02(g) · 55 and s/w temperature 60°C 

Seawater/Rock Products Flu id/Seawater Products 

Initial Fina l Seawater Fluid Final 
log f02(g) -54 .82 -50 -54.82 -50 -53 .5 
Temp (0C) 60 150 60 ISO 105 

pH 3.5 7.6 3.5 7.6 4.7 
Eh(Volts) O.OS -0.47 0.08 -0.47 -0. 14 

1inerals(mmol) Dolomite-ord 73 Calcite 8.4 Graphite 15.6 

Magnetite 28 Pyrite 5.6 Diaspore 0.006 

Antigorite 20 Saponite-Ca 3.2 Pyrite 9.00E-04 

Clinochlore- 14A 13 

Am ino Acids None stable above -145°C Gly 7.00E- 17 Glu Phe 

(mmol) Met 4.00E- IS Val Tyr 

Ala 2.60E-29 Thr Trp 

Asp Gin 

Ser lie 

Asn Leu 

Dissolved species S04-- H2S HS· S04·. JUS HS· 

(mmol) -0 0.012 0. 16 -0 0. 17 0.003 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.01 0.7 0.6 0.01 0.0035 1.52 

CO2 CH4 CO2 CH4 

-0 8 155.5 0 .0085 

H2 H2 

0.015 I.00E-04 

Model 3d 

Experimenta l Results for w/r ratio 10:1, log f 02(g) ·55 and slw temperature 80°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) ·54.84 ·50.9 -54.84 -50.9 -52.3 

Temp ("C) 80 150 80 150 115 

pH 4 8.25 4 8.25 5 

Eh(Volts) -0.048 -0.55 -0.048 -0.55 -0. 175 

Minerals(mmol) Calcite 46 Antigorite 20 Graphite 15.6 

Dolomite-ord 36 Clinochlore-14A 13.8 Diaspore 0.0065 

Brucite 30 Pyrite 5.1 Pyrite 0.00 1 

Magnetite 28 

Amino Acids None stable above -137°C Gly 4.50E- 16 Gill Phe 

(mmol) Met 1.80E- 16 Val Tyr 

Ala 3. IOE·2 1 TIlr Trp 

Asp GIn 

Ser lie 

Asn Leu 

Dissolved species S04·· H2S HS· S04·· H2S HS· 

(mmol) -0 0.0 17 1.05 -0 1.05 0.04 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.35 1.34 0.03 0.05 0.D2 2.6 

CO2 CH4 CO2 CH4 

-0 8 115 0.D25 

H2 H2 

0.04 0.00025 

A-52 



Model4a 

Experimental Results for w/r r a tio 10:1, log f 02(g) -65 and s/w temperature 20°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) -64.75 -49 -64.75 -49 -56.4 

Temp ("C) 20 150 20 150 85 

pH 3.4 6.3 3.4 6.3 4.35 

Eh(Volls) 0.08 -0.34 0.08 -0.34 -0.088 

M inerals(mmol) Magnesite 2 13 Talc 20 Graphite 1.7 

Saponite-Mg 83 Graphite 13.5 

Dolomite-ord 82 Antigori te 10 

Magnetite 28 Pyrite 5.7 

Amino Acids Gly 7.00E- IS Val Phe Gly U5E- 17 Glu Phe 

(mmo\) Met 2.IOE- 16 Glu Tyr Met 3.60E-20 Val Tyr 

Ala 5.40E-19 Thr Trp Ala 1.45E-23 Thr Trp 

Asp Gin Asp Gin 

Ser lie Ser lie 

Asn Leu Asn Leu 

Dissolved species S04-· H2S I-lS· S04-· H2S HS· 

(mmol) -0 0.008 0.005 -0 0.0 13 9.00E·05 

N2 NH3 NH4+ N2 NIB NH4+ 

0. 11 5 0.35 0.65 0.01 9.50E-04 0.1 

CO2 CH4 CO2 CH4 

-5 1.38 404.5 7.00E·04 

H2 H2 

0.004 1.40E·05 

Model4b 

Experimental Results for w/r ratio 10:1, log f 02(g) -65 and s/w temperature 40°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f m (g) -64.78 ·S6.3 -64.78 -56.3 -55 

Temp ("C) 40 150 40 150 95 

pH 4.8 6.8 4.8 6.8 5.12 

Eh(Volts) -0.1 -0.38 -0. 1 -0.38 -0.16 

Minerals(mmo\) Dolomite-ord 82 Antigorite 16.5 Graphite 7.5 

Magnesite 62 Graphite 12.5 Diaspore 0.00 11 

Saponite·Mg 36 Clinochlore-14A 7.8 Pyrite 8.00E-04 

Magnetite 28 Pyrite 5.7 

Am ino Acids Gly 1.35E- 17 Val Phe Gly 8. IOE- 16 Glu Phe 

(mmo\) Met 3.60E-20 Glu Tyr Met 6.20E· 18 Val Tyr 

Ala 1.40E-23 Gin Trp Ala 1.70E-2 1 Gin Trp 

Asn Thr Asp Thr 

Asp lie Asn lie 

Ser Leu Ser Leu 

Dissolved species S04-· H2S HS· S04 •• H2S HS· 

(11111101) - 0 0.009 0.02 1 I .OOE-05 0.0275 0.00 13 

N2 NH3 NH4+ N2 NH3 NH4+ 

2.S 3.4 1.8 3.S 0.05 13.4 

CO2 CH4 CO2 CH4 

-5 3.55 234.5 0.00252 

H2 H2 

0.0065 4.00E-05 

A-53 



Failed Run:lJs in~ balance 0 11 e l. and pH set to 4.8 instead Model4c 

Experimenta l Results for w/r ratio 10:1, log f 02(g) -35 and s/w temperature 600 e 

Seawater/Rock Products Fluid/Seawmer Products 
Initial Final Seawater Fluid Final 

log f02(g) -68 .7 -53.5 -68 .7 ·S3.S -60 
Temp (Oe) 60 ISO 60 ISO lOS 

pH S.62 S.68 S.6 S.68 6. 12 

E h(Volts) -0.29 -0.38 -0.29 -0.38 -0.374 

Mincra ls(mmol) Saponite-Mg 82 Pyrite 0.125 Troilite 0.23 

Antigorite 12.2 Pyri te 0.0 1 

Troi lite 10.8 

Clinochlore-14A 0.2 1 

Amino Acids Met 2 .2SE- 16 lie Phe Met S.60E-13 Leu Phe 

(mmol) Gly 4.2SE· 18 Leu Tyr Gly 4.70E-1 6 Ser Tyr 

Ala I. I OE-20 Asp Trp Ala 1.80E- 18 Asp Trp 

Val Gin Val Gin 

Asn Thr Asn Thr 

Ser Glu lie Glu 

Dissolved species S04-· H2S HS· S04-· H2S HS· 

(mmol) - 0 0.24 0.063 -0 0.0275 2.00E-02 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.14 820 11 900 O.OI S 8.40E+02 24600 

CO2 CH4 CO2 CH4 

4.50E-OS 8484 6.00E-06 1.70E+04 

H2 H2 

0.67 2.7SE-01 

Failrd Run:lJsing ba la lu·c on CI· and pH set to 4.8 ins tead Model4d 

Experimental Results for w/r ratio 10:1, log f02(g) ·35 and s/w temperature 80°C 

Seawater/Rock Products Fluid/Seawater Products 

Initia l Final Seawater F luid Final 

log f02(g) Didn't run! 

T emp (OC) 80 ISO 80 ISO li S 

pH 

Eh(Volts) 

Minerals(mmol) 

Amino Acids 

(mmo!) 

Dissolved species S04·· H2S HS· S04·· H2S HS· 

(mmol) 

N2 NH3 NH4+ N2 NH3 NH4+ 

CO2 CH4 CO2 CH4 

H2 H2 

A-54 



Model5a 

Experimental Results for w/r ratio 1:1, log f 02(g) -35 and sfw temperature 20°C 

Seawater/Rock Products F1uid/Seawater Products 

Initial F inal Seawater Fluid Final 

log f02(g) -34.8 -52.5 -34.8 -52.5 -56.3 

Temp (0C) 20 150 20 150 85 

pH 3.39 9.3 3.39 9.3 5.01 

Eh(Volts) 0.52 -0.66 0.52 -0.66 -0.13 

Minerals(mmoI) Brucite 1360 Magnetite 150 Graphite 158 

Calcite 325 Clinochlore-14-A 137 Pyrite 0 .001 

Antigorite 185 Troilite 105 Diaspore 0.07 

Andradite 165 

Amino Acids Some acids are stable over different temperature Met 1. 15E-16 Asn lie 

(mmol) ranges, but none are stable above 80°C except for Gly Glu Leu 

Threonine. Ala Val Phe 

Asp Thr Tyr 

Ser GIn Trp 

Dissolved species 804-- H2S HS- 804-- H2S HS-

(mmol) -0 0.009 7 0.0 1 8.5 3.00E-0 1 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.51 1.15 -0 0.08 0.004 2.1 

CO2 CH4 CO2 CH4 

-0 80 3.05E+02 8.00E-04 

H2 H2 

0.225 1.48E-05 

Model 5b 

Experimental Results for w/r ratio 1:1, log f 02(g) -35 a nd s/w temperature 40°C 

SeawaterlRock Products F1uid/Seawater Products 

Initial Final Seawater F luid Final 

logf02(g) -34.78 -52.5 -34.78 -52.5 -55 

Temp (0C) 40 ISO 40 ISO 95 

pH 3.45 9.3 3.45 9.3 5.4 

Eh(Volts) 0.47 -0.67 0.47 -0.67 -0.18 

Minerals(mmoI) Brucite 1600 Clinochlore- 14A 137 Graphite 170 

Andradite 220 Magnetite 115 Diaspore 0.072 

Antigorite 180 Troilite 105 Pyrite 0.001 

Calcite 155 

Amino Acids Some acids are stable over different temperature Met 5.20E- 16 Glu Phe 

(mmoI) ranges, but none are stable above 80°C except for Gly Val Tyr 

Threonine. Ala Thr Trp 

Asp GIn 

Ser lie 

Asn Leu 

Dissolved species S04-- H2S HS- S04-- H2S HS-

(mmol) -0 0.009 7 0.0042 8 7.00E-0 1 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.88 -0 0.07 1.06E-02 1.6 

CO2 CH4 CO2 CH4 

-0 85 1.38E+02 4.OOE-03 

H2 H2 

0.23 4.50E-05 

A-55 



Model5c 

Experimental Results for w/r ratio 1:1, log f 02(g) ·35 and s/w temperature 60°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial F inal Seawater F luid Final 
log f 02(g) ·34.8 ·S2.S ·34.8 -S2.S -S4 
Temp (0C) 60 ISO 60 ISO lOS 

pH 3.S2 9.3 3.S2 9.3 5.75 

Eh(Volts) 0.42 -0.67 0.42 -0.67 -0.22 

Minerals(mmol) Brucite 1700 Magnetite 99 Graphite 174 

Andradite 245 Calcite 78 Diaspore 0.072 

Antigorite 180 Pyrite 0.001 

Clinochlore-14A 137 

Troilite 105 

Amino Acids None stable above 70· C Met 2.40E- 15 Asn lie 

(mmol) All acids are stable between 60-70· C Gly Glu Leu 

Ala Val Phe 

Asp Thr Tyr 

Ser GIn Trp 

Dissolved species S04·· IDS HS· S04·· H2S HS· 

(mmol) -0 0.009 6.9 0.00 154 7.2 1.50E+00 

N2 NH3 NH4+ N2 NIB NH4+ 

-0 0.76 -0 0. 11 3.IOE-02 1.28 

CO2 CH4 CO2 CH4 

-0 83 6.30E+0 1 1.8SE-02 

ID ID 

0.23 1.50E-04 

Model5d 

Experimental Results for w/r ratio 1 :1, log f 02(g) ·35 and s/w temperature 80· C 

SeawaterlRock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f 02(g) -34.82 -52.5 -34.82 -52.5 -53 

Temp ("C) 80 ISO 80 150 11 5 

pH 3.6 9.3 3.6 9.3 6. 15 

Eh(Volts) 0.36 -0.67 0.36 -0.67 -0.275 

Minerals(mmol) Brucite 1800 Troilite lOS Graphite 175 

Andradite 265 Magnetite 90 Diaspore 0.072 

Antigorite 180 Calcite 40 Pyrite 0.001 

Clinochlore-14A 138 

Amino Acids None stable above 86·C Met 1.20E-14 Glu Phe 

(mmoI) Gly Val Tyr 

Ala Thr Trp 

Asp Gin 

Ser lie 

Asn Leu 

Dissolved species S04·· IDS HS· S04·· IDS HS· 

(mmol) -0 0.0088 6.8 5.75E-04 5.7 3.00E+00 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.75 -0 0.14 1.00E-01 1.06 

CO2 CH4 CO2 CH4 

- 0 88 2.50E+01 I.00E·OI 

ID H2 

0.23 4.90E-04 

A-56 



Model6a 

Experimental Results for w/r ratio 1:1, log f 02(g) -45 and s/w temperature 20°C 

SeawaterlRock Products Fl uid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) -44 .75 -52.5 -44.75 -52.5 -56.5 

Temp (0C) 20 150 20 150 85 

pH 3.39 9.3 3.39 9.3 5 

Eh(Volts) 0.38 -0.67 0.38 -0.67 -0. 15 

Mincrals(mmol) Brucite 1360 Magnetite 154 Graphite 159 

Calcite 325 Clinochlore- 14A 136 Diaspore 0.0072 

Antigorite 185 Troilitc 105 Pyrite 0 .00 1 

Andradite 168 

Amino Acids None stable above 55°C except Valine. Serine. Isoleucine. Met 1.1 5E- 16 Glu Phe 

(mmo!) Leucine. Threonine Gly 5.00E- 17 Val Tyr 

Ala 6.00E-23 Thr Trp 

Asp GIn 

Ser lie 

Asn Leu 

Dissolved species S04-· H2S HS- S04-· H2S HS· 

(mmoI) -0 0.009 7 0.009 8.5 3.00E-O I 

N2 NH3 NH4+ N2 NIB NH4+ 

-0 l.l4 -0 0.8 3.80E-03 2.1 

CO2 CH4 CO2 Ctl4 

- 0 80 3.04E+02 8.00E-04 

H2 H2 

0.225 1.47E-05 

Model6b 

Experimental Results for w/r ratio 1:1, log f 02(g) -45 and s/w temperature 40°C 

SeawaterlRock Products AuidiScawater Products 

Initial Final Seawater Fluid Final 

log f 02(g) -44.78 52.5 -44.78 52 .5 -55 

Temp ("C) 40 150 40 150 95 

pH 3.45 9.3 3.45 9.3 5.35 

Eh(Volts) 0.32 -0.67 0.32 -0.67 -0.175 

Minerals(mmol) Brucite 1600 Magnetite 120 Graphite 168 

Andradite 220 Troilite 105 Diaspore 0.0072 

Calcite 155 Pyrite 0.001 

Clinochlore-14A 137 

Amino Acids None stable above 36°C except for Threonine Met 5.40E-16 Glu Phe 

(mmol) Gly 1.40E-16 Val Tyr 

Ala 3.70E-22 Thr Trp 

Asp GIn 

Ser lie 

Asn Leu 

Dissolved species S04-· H2S HS· S04-· H2S HS· 

(mmol) -0 0.009 7 0.0042 8 7.00E-01 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.88 -0 0.08 l.lOE-02 1.6 

CO2 CH4 CO2 CH4 

-0 85 1.40E+02 3.80E-03 

H2 tl2 

0.225 4.75E-05 

A-57 



Model 6c 

Experimenta l Results for wlr ratio 1 :1, log f 02(g) -45 and s/w temperature 60°C 

SeawaterlRock Products FluidlSeawater Products 

Initial Final Seawater Fluid Final 
log f02(g) -44.8 -52.5 -44 .8 -52 .5 -54 

Temp ("C) 60 150 60 150 105 

pH 3.52 9.3 3.52 9.3 5.75 

Eh(Volts) 0.25 -0.67 0.25 -0.67 -0.225 

Minerals(mmol) Brucite 1720 Troi lite 105 Graphite 172 

Andradite 250 Magnetite 99 Diaspore 0.0072 

Antigorite 180 Calcite 78 Pyrite 0.00 1 

Clinochlore- 14A 137 

Amino Acids None stable above 70°C Met 2AOE- IS Glu Phe 

(mmol) Gly 4.00E- 16 Val Tyr 

Ala 2AOE-2 1 Thr Trp 

Asp Gin 

Ser lie 

Asn Leu 

Dissolved species 804-- H2S HS- S04-- I-I2S H8-

(mmol) -0 0.009 7 0.00 17 7.2 1.50E+00 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.75 -0 0.1 3. IOE-02 1.28 

CO2 CH4 CO2 CH4 

-0 87 6.30E+01 1.80E-02 

H2 H2 

0.23 1.50E-04 

Model6d 

Experimental Results for w/r ratio 1 :1, log r 02(g) -45 and slw temperature 80· C 

SeawaterlRock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log r02(g) -44.84 -52.5 -44.84 -52 .5 -53 

Temp roC) 80 150 80 150 11 5 

pH 3.6 9.3 3.6 9.3 6.15 

Eh(Volts) 1.8 -0.67 1.8 -0.67 -0.275 

Minerals(mmol) Brucite 1800 Troilite 105 Graphite 175 

Andradite 263 Magnetite 90 Diaspore 0.0072 

Antigorite 175 Calcite 40 Pyrite 0.00 1 

Clinochlore- 14A 138 

Amino Acids None stable above 85°C Met 1.I0E- 14 Glu Phe 

(mmol) Gly 1.20E-15 Val Tyr 

Ala 1.60E-20 Thr Trp 

Asp Glu 

Scr lie 

Asn Leu 

Dissolved spccies S04-- H2S HS- S04-- H2S HS-

(mmol) -0 0.009 7 5.70E-04 5.7 3.05E+OO 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.7 -0 0. 14 I.00E-O I 1.06 

CO2 CH4 CO2 CH4 

-0 88 2.50E+OI I.00E-OI 

H2 H2 

0.23 5.00E-04 

A-58 



Model7a 

Experimental Results for w/r ratio 1:1, log f 02(g) -55 and slw temperature 20°C 

Seawater/Rock Products Fluid/Seawater Products 

Initia l Final Seawater Fluid Final 
log f 02(g) -54 .75 -52.5 -54.75 -52.5 -56.4 
Temp (0C) 20 150 20 150 85 

pH 3.39 9.3 3.39 9.3 5 

Eh(Volts) 0.24 -0.67 0.24 -0.67 -0.14 

M inerals(mmol) Brucite 1360 Magnetite 150 Graphite 159 

Calcite 325 Clinochlore- 14A 137 Diaspore 0.0072 

An tigorite 187 Troilite 11 0 Pyrite 0.00 1 

Andradite 170 

Amino Acids None stable above 55°C except Isoleucine. Leucine Met 1.1 5E- 16 Glu Phe 

(mmol) and Threonine Gly 5.00E-17 Val Tyr 

Ala 5.70E-23 Thr Til) 

Asp Gin 

Ser li e 

Asn Leu 

Dissolved species S04-- rus HS- S04-- H2S HS-

(mmol) -0 0.009 7 0.009 8.5 3.00E-0 1 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.575 1.1 4 -0 0.08 3.80E-03 2.1 5 

CO2 CH4 CO2 CH4 

-0 80 3.05E+02 8.00E-04 

ru H2 

0.225 1.42E-05 

Model7b 

Experimental Results for w/r ratio 1:1, log f 02(g) -55 and s/w temperature 40°C 

Seawater/Rock Products Fluid/Seawater Products 

Initia l Final Seawater Fluid Final 

log f02(g) -54.78 -52.5 -54.78 -52.5 -55 .1 

Temp COC) 40 150 40 150 95 

pH 3.45 9.3 3.45 9.3 5.35 

Eh(Volts) 0. 16 -0.67 0. 16 -0.67 -0. 18 

Minerals(mmol) Brucite 1600 Clinochlore- 14A 137 Graphite 168 

Andradite 223 Magnetite 115 Diaspore 0.0072 

Antigorite 180 Troilite 105 Pyrite 0.001 

Calcite 155 

Amino Acids None stableabove 59°C except Threonine Met 5.20E- 16 Glu Phe 

(mmol) Gly 1.40E- 16 Val Tyr 

Ala 3.70E-22 Thr Till 

Asp Gin 

Ser lie 

Asn Leu 

Dissolved species S04-- H2S HS- S04-- H2S HS-

(mmol) -0 0.009 7 0.0042 8 7.00E-01 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.88 -0 0.08 1.07E-02 1.6 

CO2 CH4 CO2 CH4 

-0 85 1.38E+02 4.00E-03 

ru H2 

0.23 4.75E-05 

A-59 



Model7c 

Experimental Results for w/r ratio l :l, log f 02(g) ·55 and s/w temperature 60· C 

Seawater/Rock Products Fluid/Seawater Products 
Initia l Final Seawater Fluid Final 

log f02(g) -54.82 -52.5 -54.82 -52.5 -54 

Temp ("C) 60 150 60 150 105 

pH 3.53 9.3 3.53 9.3 5.75 

Eh(Volts) 0.08 -0.67 0.08 -0.67 -0.225 

Mincrals(mmol) Brucite 1720 Troilite 105 Graphite 173 

Andradite 250 Magnetite 99 Diaspore 0.0072 

Antigorite 180 Calcite 78 Pyrite 0.001 

Clinochlore- 14A 137 

Am ino Acids None stable above 70°C Met 2.50E-15 Glu Phe 

(mmol) Gly 4.ooE- 16 Val Tyr 

Ala 2.40E-2 1 Thr Trp 

Asp GIn 

Ser lie 

Asn Leu 

Dissolved species S04·· H2S HS· S04·· H2S HS-

(mmol) -0 0.009 7 0.0017 7.25 1.50E+00 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 0.88 -0 0.11 3. IOE-02 1.3 

CO2 CH4 CO2 CH4 

-0 85 6.30E+0 1 1.80E-02 

H2 H2 

0.23 1.50E-04 

Model7d 

Exper imental Results for w/r ratio l :l, log f 0 2(g) ·55 and s/w temperature 80· C 

SeawaterlRock Products Fluid/Seawater Products 

Initia l Final Seawater F luid Final 

log f02(g) -54.84 -52.5 -54.84 -52 .5 -53 

Temp (OC) 80 150 80 150 11 5 

pH 3.8 9.3 3.8 9.3 6.2 

Eh(Volts) -0.27 -0.67 -0.27 -0.67 -0.275 

Minerals(mmol) Brucite 1750 Troilite 105 Graphite 175 

Andradite 262 Magnetite 90 Diaspore 0.0072 

Antigorite 175 Calcite 40 Pyrite 0.00 1 

Clinochlore- 14A 138 

Amino Acids None stable above 86°C Met 1.80E- 14 Glu Phe 

(mmol) Gly 2.ooE- 15 Val Tyr 

Ala 2.75E-20 Gin Trp 

Asp Thr 

Asn lie 

Ser Leu 

Dissolved species S04·· H2S HS· S04·· H2S HS· 

(mmol) -0 0.009 7 6.ooE-04 5.5 3.20E+00 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 1.36 -0 0.4 1.75E-0 1 1.75 

CO2 CH4 CO2 CH4 

-0 88 2.40E+0 1 1.00E-01 

H2 H2 

0.23 5.ooE-04 

A -60 



Model8a 

Experimental Results for w/r ratio 1:1, log f 02(g) ·35 and s/w temperature 20°C 

Seawater/Rock Products Fluid/Seawater Products 

Initia l Final Seawater Fluid Final 
log f02(g) -64.75 -52.5 -64.75 -52 .5 -56.5 
Temp (0C) 20 150 20 150 85 

pH 3.42 9.3 3.42 9.3 5. 1 

Eh(Volts) 0.08 -0.67 0.08 -0.67 -0.135 

Minerals(mmol) Brucite 1360 Magnetite 153 Graphite 158 

Calcite 325 Clinochlore· 14A 137 Diaspore 0.0072 

Antigorite 187 Troilite 105 Pyrite 0 .00 1 

Andradite 170 

Amino Acids None stable above 55°C except for Serine and Met 1.25E- 16 Glu Phe 

(mmol) Threonine Gly 5.50E-17 Val Tyr 

Ala 6.00E-23 Thr Trp 

Asp Gin 

Ser lie 

Asn Leu 

Dissolved species S04·· H2S HS· S04·· H2S HS· 

(mmol) -0 0.009 7 0.009 8.5 3.00E·0 1 

N2 NH3 NH4+ N2 NIB NH4+ 

0.57 1.23 -0 0.1 4.20E-03 2.25 

CO2 CH4 CO2 CH4 

-0 80 3.05E+02 8.00E·04 

H2 H2 

0.21 1.43E·05 

Model8b 

Experimental Results for w/r ratio 1:1, log f 02(g) ·65 and s/w temperature 40°C 

Seawater/Rock Products Fluid/Seawater Products 

Initial Final Seawater Fluid Final 

log f02(g) -64.78 -52.5 -64.78 -52.5 -55.2 

Temp (0C) 40 150 40 150 95 

pH 4.75 9.3 4.75 9.3 5.55 

Eh(Volts) -0.7 -0.67 ·0.7 -0.67 -0.193 

Mincrals(mmol) Brucite 1590 Clinochlore-14A 137 Graphite 168 

Andradite 240 Magnetite 117 Diaspore 0.0072 

Antigorite 180 Troilite 105 Pyrite 0 .007 

Calcite 163 

Amino Acids None stable above 59°C except Threonine Met 4.25E- 15 Glu Phe 

(mmol) Gly 1.20E-15 Gin Tyr 

Ala 3.00E-2 1 Val Trp 

Asp Thr 

Ser lie 

Asn Leu 

Dissolved species S04·· H2S HS· S04·· IUS HS· 

(mmol) -0 0.009 7 0.0085 7.7 I .OOE+OO 

N2 NH3 NH4+ N2 NH3 NH4+ 

-0 10.2 -0 5.5 9.00E-02 9.12 

CO2 CH4 CO2 CH4 

-0 90 1.33E+02 4. IOE·03 

H2 H2 

0.23 4.80E-05 

A ·61 



F(lilcd Run: Using balance 011 C I- and pH sl'l to 4.8 in~tcad Model 8c 

Experimental Results for w/r r atio 1:1, log f 02(g) ·65 and S/W temperature 60°C 

Seawater/Rock Products Fl uid/Seawater Products 

Initia l Final Seawater Fluid Fina l 

log f 02(g) -68.7 -58 -68 .7 -58 -66 

Temp ("C) 60 150 60 150 105 

pH 5.62 6.38 5.62 6.38 6.75 

Eh(Volts) -0.28 -0.535 -0.28 -0.535 -0.525 

Minerals(mmol) Brucite 255 Troilite 114 Troilite 0.00 135 

Antigorite 200 

Clinochlorc-14A 137 

Magnetite 137 

Amino Acids None stable above 66°C None stable above 60C 

(mmo!) 

Dissolved species S04-- IDS HS- S04-· IDS HS-

(mmo!) -0 0.00 1 0.00125 -0 0.00023 7.00E-04 

N2 NH3 NH4+ N2 NH3 NH4+ 

0.0065 3250 9500 -0 3.25E+03 22200 

CO2 CH4 CO2 CH4 

-0 8484 -0 1.70E+04 

H2 H2 

135 1.35E+02 

A -62 



Failed RIIJI: Using halance nn CI- and pH set to 4_8 ill~ tcad Model8d 

Experimental Results for w/r ratio 1:1 , log f 02(g) -65 and s/w temperature 80°C 

Seawater/Rock Products Fluid/Seawater Products 

Initia l Final Seawater F luid Final 

log f 02(g) Didn't Run 

Temp e C) 80 150 80 150 11 5 

pH 

Eh(Volts) 

Minerals(mmol) 

Amino Acids 

(mmo\) 

Dissolved species S04-- HlS HS- S04-- H2S HS-

(mmol) 

N2 NH3 NH4+ N2 NH3 NH4+ 

CO2 CH4 CO2 CH4 

Hl H2 

----IiIIJ4;--
A -63 


