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Abstract. The resource landscape for the future is 
changing at an ever increasing pace. Discovery efforts 
have moved into the challenge of undercover exploration. 
Technological advances in terms of automation and AI 
are poised to transform extraction. Social pressures are 
demanding more environmentally and socially 
sustainable sourcing of material and energy resources for 
consumers. All of these changes will redefine the skill 
sets required in geoscience teams that discover, 
delineate and extract these resources, and what 
geoscience research, data collection and data 
management challenges and opportunities confront us to 
achieve this. Geoscientist’s tasks will be elevated from 
manual and qualitative data gathering to high value, 
higher-order data validation, integration, quantitative AI-
assisted interpretation and communication of knowledge 
to underpin decisions across all aspects of the mining 
value chain. 
 
1 Resource Landscape 

 
The resource industry is focused on sourcing and 
extracting material and energy resources for the needs 
society. The landscape in which this industry operates is 
facing an unprecedented rate of change to contextual 
factors that shape actors within it.  

No one can predict the future. However, scenario 
planning can map out a range of plausible futures that 
could shape the type of geoscience, and capability of 
geoscientists that would be required to optimally manage 
resources in the future (e.g. Sykes and Trench 2016). 
 
Emerging and continuing trends 
 
There are a number of trends likely to continue to drive 
change into the future, highlighted in Figure 1. These 
trends include: 

Increasing population and an increasingly 
technology-dependent population. In concert, these 
trends herald concomitant increasing material and energy 
resource demand.  

Social pressures for environmental stewardship. 
There are increasing calls from many sectors of society 
for action on environmental issues from global climate 
change to the local disruption of environment and 
communities around resource extraction operations. 
Industry is seeking to source resources in a sustainable 
manner that does not adversely affect the atmosphere, 
biosphere and hydrosphere.  

Following from above, there is an increasing demand 
for renewable energy in an energy-constrained future. 
The pressures to limit the negative physical, socio-

economic and carbon footprint of resource extraction will 
redefine what is economic ore, affecting the entire mining 
chain - what type of resource accumulations we seek, 
what type of extraction and processing methods we 
employ, and how we manage resources from discovery 
through to closure (McCuaig et al. 2014). 

A data-rich future. Our ability to collect data has 
outstripped our ability to effectively integrate and interpret 
it to optimise resource discovery and extraction efforts. 
This trend is leading to increasing adoption of data 
analytics, machine learning and artificial intelligence (AI) 
applied to exploration and extraction decisions. These 
efforts are aiming to maximise human intuition but 
minimise human bias through the power of the computer. 
Technology is also developing increasingly intimate data-
human interfaces, allowing more efficient integration and 
interpretation of data. 

Increasing automation. Just as the internet and 
mobile communications have transformed how we 
communicate, automation is transforming how we collect 
and manage data, and how we extract mineral resources. 
Automation also goes hand-in-hand with an increasing 
focus on safety, allowing humans to be taken out of the 
‘line-of-fire’ throughout the exploration-extraction-closure 
value chain.  

Figure 1. Contextual factors affecting the resources industry (after 
Ramirez and Wilkinson 2016; Sykes and Trench 2016). 
 
Highly uncertain trends 
 
While the trends previously discussed are widely 
accepted as continuing, there are others that are highly 
uncertain, in particular: 

Advances in Technology that materially affect 
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commodity demand, including substitution, recycling, or 
new commodity demand. What will substitute 
hydrocarbons for energy density? What will substitute 
steel for construction? Either way, supplying any 
commodities in the future will still require geoscientists to 
source and extract them. 

Geopolitical trends that affect access to 
resources. Will the current nationalistic wave sweeping 
the planet continue, or will globalism re-establish itself as 
the dominant trend? This will materially influence 
resource availability and therefore demand, as well as the 
capability and mobility of geoscientists. 

 
2 The Future Geoscientist in the Resources 

Industry 
 
How will these trends impact upon the skill sets required 
for geoscientists in the resources industry? Figure 2 
illustrates the value chain in the resources industry, which 
can be broadly grouped into (1) exploration and discovery 
of resources, (2) resource appraisal (resource 
delineation, estimation, and analysis of potential 
economic extraction), (3) resource extraction and delivery 
to market, and (4) project closure. Also shown are the 
relative geoscience activities and skill sets in each step 
now, and in the possible futures shaped by the contextual 
factors discussed in the previous section. 

 
2.1 Future exploration and discovery geoscience 
 
The current technology package employed by mineral 
exploration companies has been optimized for discovery 
at or near surface. However, the near-surface search 
space is rapidly depleting for world class mineral deposits 
(Hronsky 2009). Future exploration is highly likely to 
focus in new search spaces under cover that were 
effectively ‘blind’ to historical exploration efforts and 
technology. 

To predict and detect the presence of high quality 
mineralization in this new search space, a number of skill 
sets will need to be enhanced. Firstly, due to the 
increased cost of exploration under cover and difficulty in 
accessing ground to explore, targeting exploration in 
areas with the highest potential for success is of 
paramount importance. Adopting a multiscale systems 
approach will be required to enhance our ability to predict 
the spatial distribution of mineralisation through geologic 
time. Secondly, with the increased access to large and 
increasingly quantitative spatial datasets across a range 
of scales, data analytics and AI capabilities will likely be 
more heavily drawn upon in mineral exploration. Thirdly, 
the ability to accurately image and quantitatively model 
the subsurface will be required. Much geophysical data 
today is only qualitatively or semi-quantitatively 
integrated with geology. Future geoscientists must be 
able to critically assess, integrate and quantitatively 
interpret geological and geophysical datasets. 

The exploration geoscience teams are often the point 
of ‘first contact’ with local community and government 
stakeholders and can make or break a company (and in 
fact the entire industry’s) relationship with these groups. 
Environmental and social responsibility as well as cultural 

awareness will continue to be key skill sets in the future 
explorer. 

 
2.2 Future resource appraisal 
 
Future resource appraisal will be heavily influenced by 
advances in computing power, uncertainty modelling, AI 
algorithms and automation. Many geological and 
resource models today are still based on a small number 
of deterministic scenarios, and model a limited range of 
parameters. Future resource modeling will allow the 
generation of multiple geological models and will 
comprise all geometallurgical parameters required for 
extraction, including geology, petrophysical properties, 
multielement geochemistry, structural, hydrological and 
geotechnical parameters, mineralogy and texture. 
Uncertainty in all of these parameters and the geological 
models themselves will be fully captured and quantified 
to inform accurate planning. The volumes of data at 
resource appraisal stage, and ability to generate multiple 
realisations of the subsurface, will require strong data 
analytical skills and be AI-enhanced.  

Automation will strongly alter the workflow of the future 
geoscientist in this space. Gone will be the days of 
geologists undertaking time-consuming manual sampling 
and qualitative and subjective logging of drill core or 
mapping of surface or underground exposures. Instead, 
data will be collected automatically on drill core, and often 
down the drill hole, at surface or underground using 
drones in real-time. The task of the geologist will be 
elevated to data verification, synthesis, interpretation and 
communication of results to inform downstream decisions 
in the extraction process. Interpretation and 
communication will likely be aided by virtual reality where 
geoscientists can ‘walk through’ the data and models and 
modify them directly in 3D. 

 
2.3 Future resource extraction 
 
The highly-automated and high-volume real-time data 
availability and predictive analytics of the future resource 
extraction operation will dramatically change the role of 
the geoscientist. Predicting and monitoring the 4D 
performance of the rock mass in terms of metal content, 
contaminants and rock properties for mining engineering 
and probabilistic mine planning, processing stockpile 
management, water utilization, waste stream 
containment and storage and dynamic closure planning 
considerations will require a geoscientist to have a wide 
range of knowledge of the entire mining stream. Again, 
the days of labour intensive data collection will be gone. 
Geoscientists will only have restricted access to 
exposures due to the high degree of automation (less 
people in the ‘line of fire’) as well as potential advances 
in in-situ extraction technology.  With the reduction of 
manual-intensive data collection, there is a high 
probability that future extractive activities will have fewer 
employees, including fewer geoscientists. However, 
geoscientists will be more focused on high value higher 
order tasks such as real-time data verification, integration 
and interpretation and delivery of knowledge to 
downstream users in the mining process. 



Sustainable development of Ore Deposits  1564 

 
Figure 2. Resource value chain from exploration and discovery, through appraisal, extraction and eventual closure showing some major 
changes in geoscience focus and workflow from now into the future. 
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2.4 Future project closure 
 
Project closure is often inadequately planned for and 
not resourced until late in the life of a mining operation. 
This practice is rapidly changing, and new resource 
projects coming online are required, prior to permitting, 
to increasingly consider the physical and environmental 
footprint of the operations. These considerations are not 
just during extraction, but past the life of the mine to 
ensure not only that any environmental impacts are 
minimized, but that enduring value is realized during 
and well beyond the life of the operation. This will 
require dynamic input to planning from environmental 
geoscientists from the discovery through to closure 
steps in the value chain. 
 
3 Summary of impact on future 

geoscientists 
 

Figure 3 shows select key skill sets required by the 
future geoscientist to be able to effectively contribute to 
the resource discovery and extraction industry. Clearly, 
it is a challenge to develop all of these skills in a single 
person, hence the need to be able to function in high-
performing teams and communicate effectively. 
Nevertheless, the successful geoscientist will need to 
have an appreciation of all of these skills (and more).  

 
Figure 3. A partial list of disciplines in which the successful 
geoscientist of tomorrow’s resources industry needs to be 
informed. 
 

Not all of these can, will or should be taught in earth 
science departments in universities. Future geoscience 
teams in industry will involve people from a range of 
science disciplines, whose first degree may not be in 
geosciences, but instead physics, engineering, applied 
maths, etc. Furthermore, the future geoscientist will 

require training post-first degree…whether as a second 
degree, or as short courses available through the host 
company or through a commercial or industry provider.  

There is often debate about the relative value of 
becoming a generalist versus a specialist. To get 
breadth of knowledge, does one have to sacrifice depth 
of knowledge? It is envisaged that having a strong 
technical base in a core subject will always be a 
requirement from both the industry and the personal 
point of view. However, while specialist depth and no 
breadth is not desirable, similarly geoscientists need to 
be able to anchor to technical ‘first principles’ – 
especially in a future where automated and AI-assisted 
workflows can run the risk of becoming ‘black box’ 
approaches. Geoscientists are encouraged to seek to 
develop a broad base of technical knowledge and 
experience, but exercise curiosity and seek other areas 
in which they can develop sufficient depth. 

No matter what mineral and energy resources are 
demanded by society in the future, the ability to 
effectively discover, appraise and extract these 
resources in a socially and environmentally sustainable 
way will all hinge on effective understanding of the 
subsurface, and how disruption of the subsurface will 
affect the surface biosphere-hydrosphere-atmosphere 
of the Earth system. This will require application of 
geoscience, and therefore skilled geoscientists.  

The roles for geoscientists in the future extraction 
industry may be fewer, but they will clearly be more 
exciting – less focused on manual data collection, and 
more focused on data validation, integration, 
interpretation and communication of results throughout 
the value chain. However, the successful geoscientist in 
the extraction industry must take an active interest in the 
entire discovery-closure process and its impact on all 
stakeholders (including communities and the 
environment), focus innovative geoscience thinking 
onto identified material risks in this process, and 
effectively communicate to all downstream users of the 
geoscience information (McCuaig et al. 2000). 
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Abstract. The often-conflicting requirements imposed 
by shareholders and society on mining companies can 
cause simple decisions to become far more complex 
than they initially appear.  The desire to operate in a 
safe and sustainable manner whilst delivering 
significant returns on investment are not always 
possible.   

The establishment of clear tolerance thresholds for 
risks faced throughout an organization are an 
increasingly common method through which to support 
teams when objectives conflict with one another.  This 
technique empowers individuals to escalate risks that 
have the potential to jeopardize any aspect of a project, 
operation or team.  Decision makers at the correct level 
of the organization, be they Project Manager, General 
Manager, CEO or Chairperson can then take 
accountability for balancing the management of key 
opportunities and threats. 

Founded on a simple form of integrated, 
organization-wide risk management, this approach also 
addresses many regulatory requirements, increases the 
foresight required to improve the management of 
projects, and ensures that organisations truly live by 
their stated values. 
 
1 Responsibility  
 
The world is becoming increasingly “responsible”.  
Awareness of, and a desire to achieve the vision set out 
in documents such as the Sustainable Development 
Goals (SDGs) (United Nations 2015) is becoming the 
societal norm globally.  While the specifics of each Goal 
continue to be debated, it is accepted by most that in 
order for the human population to survive, these 
challenges need to be addressed immediately.   
 
1.1 Responsibility and mining 
 
In order for many of the challenges set out in the SDGs 
to be addressed through the manufacturing of more 
sustainable technology and infrastructure, it is vital that 
access to a bountiful supply of resources ranging from 
copper to silver, REEs and lithium be maintained.  
Substitution and recyclability of these four example 
materials remains almost impossible (Dominish et al. 
2019), placing the onus to meet global demand fully on 
the mining sector.   

Mining as an industry therefore finds itself in a 
difficult position.  While the provision of these materials 
is vital for global development, the extraction of non-
renewable resources is inherently unsustainable as 
there is no intention to put those commodities back 

where they were found.  Sustainability principles can 
however by adopted when mining. 

 
1.2 Conflicting objectives 
 
Almost every mining and metals organization states 
objectives that include both the desire to mine and 
process materials safely and sustainably, whilst also 
delivering a healthy return on shareholder investment 
(e.g. Anglo American 2019, BHP 2019, Glencore 2019, 
Rio Tinto 2019).  These are underpinned by values 
reinforcing the responsible nature in which they aim to 
operate. 

These objectives are conflicting in that often the 
largest short term financial return can be gained by not 
truly adhering to the spirit of the stated company values.  
Decision makers therefore need to be prepared to 
relinquish a proportion of the potential financial return in 
order to adhere to the stated company values.    
 
2 Trigger points for decision making 
 
Ensuring the entirety of a team is aware of the point at 
which a decision needs to be made to manage an 
emerging conflict in objectives is critical.  Assuming that 
every team member has the same tolerance for 
stretching the intent of an objective can lead to 
confusion and ultimate failure to achieve desired 
outcomes. 
 
2.1 As low as reasonably practicable 
 
Safety is often cited as the “number one priority” with 
slogans such as “zero harm” being common across the 
industry.  However, if operators truly mean zero, 
humans either have to be removed from the mining 
environment which can be both costly and lead to forced 
social change regarding the level of employment 
available to communities bordering mining operations; 
or operations considered for closure.  In many cases 
neither of these options are preferable. 

As low as reasonably practicable (ALARP) (Health 
and Safety at work Act 1974) provides guidance as to 
the level of tolerance that can be introduced into the 
working environment with regards to safety.  The 
definition set out by the Court of Appeal (in its 
judgement in Edwards v. National Coal Board, [1949] 1 
All ER 743) is as follows: 

 
“Reasonably practicable’ … a computation must be 

made by the owner in which the quantum of risk is 
placed on one scale and the sacrifice involved in the 



 

1567 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

measures necessary for averting the risk (whether in 
money, time or trouble) is placed in the other, and that, 
if it be shown that there is a gross disproportion between 
them – the risk being insignificant in relation to the 
sacrifice – the defendants discharge the onus on them.” 

 
Therefore, should controls be available that may 

reduce the risk posed by the often hazardous mining 
environment, they should either be implemented or 
mining be undertaken via an alternative method.  
Keeping the workforce safe should be the simplest 
decision, however due to competing expectations from 
shareholders versus society, can be made incredibly 
complex. 

 
2.2 Establishing risk appetite and tolerance 
 

Risk can be defined as the effect of uncertainty on 
objectives, with the effects including both opportunities 
and threats (International Standards Organisation 
2018).  All risks have an element of uncertainty, some 
of which can be quantitatively measured.  Should an 
uncertain event not have the potential to impact on an 
organization’s objectives, by definition it is not a risk to 
that organization. 

 
 
Figure 1. Risk appetite and tolerance.  Risk appetite is the level of 
risk a team is willing to take; risk tolerance is the level of risk a 
team can take; the risk universe is all risks the organization faces, 
some of which are not tolerable (International Standards 
Organisation 2018).  Example risk (a) is within the tolerable zone.  
The team can survive this risk in its current position.  Example risk 
(b) is outside of the risk tolerance and action needs to be taken 
immediately to move it into the tolerable zone.  If this does not 
happen prior to the risk occurring then the organization could 
cease to exist or a significant change to strategy is required.  
 

The tipping point beyond which a risk becomes too 
large, either because the opportunity is so great that a 
change in strategy for the organization is warranted, or 

because the threat posed goes beyond the stated 
values of the organization is sometimes called the risk 
tolerance level.  Most organisations will define their risk 
appetite (the level of risk they are willing to accept), 
together with their risk tolerance level (the level of risk 
they can accept) (Fig. 1). 

This set of criteria can be used to hold an 
organisation to account at the most senior level.  The 
normality of including concepts such as risk tolerance in 
company reporting (Financial Reporting Council 2016) 
can be used deeper within organizations to ensure that 
responsible decisions are being made and actions 
taken to ensure risks are managed to within pre-defined 
tolerance limits. 
 
3 Integrated risk-based decision making 
 
Risk management is a formalized process for decision 
making.  Entrenched in regulations and standards 
throughout the mining sector, the assessment and 
management of risk is part of daily life.  The challenge 
is often to make it dynamic and valuable beyond the 
“tick the box” often required by a regulator. 
 
3.1 The right tool for the job 
 
A range of risk-based tools and techniques are common 
across different disciplines.  For example, uncertainty 
modelling techniques for an ore body are common place 
for resource geologists; whilst an environmental expert 
will make use of scenario modelling; an engineer will 
often use Failure Mode Effects Analysis; and 
accountant will use techniques such as reverse stress-
testing.  The importance of using the correct tool for the 
job is critical.  However, in order for risks to be 
compared with one another, they also need to be 
shared in a way that is understandable for those who 
are not an expert in each discipline.   

Many organisations are therefore adopting a very 
simple central risk management process that can act as 
the anchor for risk-based decision making (Fig. 2). 
 
3.2 Simple, proportionate risk management 
 
The four-step risk management process (Fig 2) is 
aligned with all major risk management standards 
(including, ISO31000:2018, COSO Framework 2017).  
It is appropriate for mentally assessing simple risks 
such as those posed by crossing a road, to multi-billion 
dollar acquisitions. 
 
3.3 Changing context 
 
The internal and external context to an operation 
changes on a dynamic basis.  For example, the 
collection and analysis of geoscientific data will change 
a team’s understanding of an ore body. Similarly, 
fluctuations in commodity markets may alter the 
economic viability of a project.  Both internal and 
external changes in context should lead to a re-
evaluation of the potential opportunity being explored.   
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Figure 2. Integrated risk management draws together all other 
types of risk management which may be undertaken across an 
organization.  This simple form of risk management has four steps: 
(1) Define context and objectives.  Describe the internal and 
external context in which you are operating, including any recent 
or anticipated changes.  (2) Assess risks including the 
identification, understanding and evaluation of potential 
opportunities and threats.  (3) Manage risks by putting in place 
appropriate controls.  (4) Monitor and review the status of risks and 
effectiveness of controls through metrics, self verification and 
assurance. 
 
3.4 “Black swans”   
 
Black swans are those risks that an individual does not 
know about until they have been realized (Taleb 2007).  
These may be ore bodies that a geologist does not 
identify despite exploring in that area; or a fault in a 
piece of equipment that an individual is unaware of prior 
to it failing.   

Often it is the knowledge that there are risks that “we 
don’t know we don’t know” (Rumsfeld and Myres 2002)  
that concerns an individual the most.  
 
3.5 Identifying the “elephants” to manage the 

“black swans” 
 
Many organisations are adopting the use of risk 
libraries.  These help us to identify those risks that may 
be normal to the type of activity being undertaken.  
However, the risks that have more often significantly 
impact on a project or operation are those that we do 
not formally acknowledge or manage.  These are 
increasingly termed the “elephant” risks. 

Elephant risks can exist for a myriad of different 
reasons.  An individual may assume that someone else 
is managing it, or suppress the risk for cultural reasons.  
Furthermore, an internal company process may 
insinuate that unless the risk triggers a gain or loss of a 
life or certain level of capital, it is not important.  

By moving a team’s risks from “elephant” to 
“acknowledged” status, the potential for “black swan” 
events to occur are minimized. 

For example, it has been suggested that the owners 

of the Fundao waste dam at the Samarco iron ore mine 
were aware of the worsening integrity of the facility prior 
to its failure in November 2015.  This unacknowledged 
risk has led to recent shareholder action in both the USA 
and UK. 

 

 
Figure 3. Adapted from the Johari window (Luft and Ingham 1955)  
and concept of “known knowns and known unknowns” (Rumsfeld 
and Myres 2002), this diagram demonstrates that by 
acknowledging “elephant risks”, the total number of black swans 
potentially faced by an organization will diminish. 
 
3.6 Managing and monitoring risks 
 
Ensuring that truly effective and meaningful controls are 
implemented is integral to the management of risks.  A 
control is a task, object or process that actively changes 
the risk, either by changing the likelihood of it occurring 
or the consequence of the risk should it occur. 

 

 
 

Figure 4. Control flowchart depicting that a control has to be a 
task, object or process that actively changes the risk.   

Often monitoring or guidance activities are listed as 
controls, however these have no impact on the risk 
without being linked to a true control (Fig. 4). 

 
3.7 Challenging our objectives 
 
The four-step iterative process (Fig. 2) allows the 
following question to be posed:  Given the context in 



 

1569 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

which we are operating coupled with the objectives we 
have set ourselves, the risks we face, and our ability to 
manage them, is it possible to achieve our objectives?  
If the answer is yes, carry on operating.  If the answer is 
no, two options present themselves:  1) Allocate more 
time, capital, effort into managing the risks; or 2) 
Change the objectives.  

This simple yet objective decision making process 
has allowed an increasing number of projects, 
operations and organisations to challenge their mode of 
operation and make changes where appropriate. 
 
4 Responsible decision making for the long 

term 
 
Many of the sustainability-based risks can be identified 
right at the beginning of a project.  Unless managed, it 
is often these risks that then lead to the failure of the 
project at a future date.  It can be increasingly difficult to 
explain the importance to investors of risks what may 
only come to fruition many years after a return on 
investment has been realized.  Acknowledgement and 
management of these risks at the early stages is vital 
for the long term success of the project. 
 
4.1 Ethical investment 
 
Investors are increasingly seeking ethical opportunities 
in which to invest their capital.  Currently these do not 
include mining due to the perception that the industry 
does not meet certain benchmarks centered on the 
SDGs.  Only by formally and publicly moving towards 
transparent, long term, sustainable decision making will 
ethical investment begin to flow towards the vital activity 
that is mining. 
 
4 Conclusions 
 
Risk management can be that method through which 
difficult decisions are made in a responsible manner.  
No longer should it be the “tick box” risk assessment 
that is carried out on a daily basis to satisfy an auditor.  
The intent of risk management is to create a culture of 
transparency within the organizations that utilize it 
effectively, ensuring that decisions can be made at the 
right time to address risks.  This dynamic and integrated 
form of organization-wide risk management not only 
provides a competitive advantage over peers, but also 
ensures a team can maintain its reputation by operating 
in a responsible manner.   
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Abstract. Most ores are precipitated at the interface 
between metal-bearing hydrothermal, and ambient 
surface fluids of highly contrasting chemistries and/or 
temperatures – e.g., Fe-Zn-Pb-rich fluids with surface 
microbial sulfidic waters. So, it was with the very first 
microbes: driven into being on our planet to resolve the 
disequilibrium between the fuels [H2 > CH4] emanating 
from submarine alkaline hydrothermal springs, with the 
oxidants [CO2 >> NO3-] dissolved in the acidulous 
Hadean Ocean.  The two fluids were kept largely at bay 
by the precipitation of the iron minerals, green rust and 
mackinawite, at the spring/ocean interface. Thus, we can 
say that life – as an entropy generator – first 
hydrogenated, and hydrogenates still, carbon dioxide to 
produce a small, but ever-renewed stock of organic 
molecules, many of them chelating the transition metals 
and phosphates at the active sites of enzymes. Most of 
these enzymes act as engines, coupling exergonic 
reactions or steep gradients to the endergonic ones 
necessary to both start and sustain life. Entropy 
production in both ore deposition and life is in the form of 
heat, organic and inorganic waste as disseminations and 
detritus, guides to prospectors and predators alike.  
 
1 Prospecting for disequilibria  
 
The very delight in Earthly disequilibria – mountains, 
cliffs, caves and chasms – often leads the young to a love 
of geology. More cryptic forms of disequilibria – 
lineaments, cross-faulting, sites of maximum throw, 
geochemical and geophysical anomalies, types of 
magmatic intrusions – demark the staple hunting grounds 
of the exploration geologist. Strongly influenced by Dick 
Stanton (e.g. Stanton, 1960), my particular exploration 
interest was in ore deposits with affinities with hot springs, 
particularly in the so-called SEDEX type. Though the 
SEDEX theory of ore genesis was vigorously disputed in 
the mid 20th century, the discovery of the hot metal-rich 
brine pools in the Red Sea (Bischoff 1969), the sulfidic 
black smokers along oceanic ridges predicted by Corliss 
et al. (1977; and see Spiess et al. 1980), and the 
discovery of their ilk in ancient ores along with fossil vent-
like fauna and trace element aureoles, brought it back 
into mainstream thinking (e.g., Russell 1974; Boyce et al. 
1983,2003; Oudin and Constantinou 1984; Banks 1985). 

However, although submarine alkaline hydrothermal 
systems developing in mafic to ultramafic terrains seem 
less enticing to the economic geologist than these, recent 
research papers could be taken to suggest that the 
deposition of the Archean Banded Iron Formations (BIFs) 
owed their origin to the mixing of Iron-rich ocean water 
with alkaline waters of possible hydrothermal origin  

(Branscomb and Russell, 2018). The precursor to the 
magnetite in the BIFs appears to have been ferrous/ferric 
oxyhydroxide, viz., green rust 
([~Fe2+4Fe3+2(OH)12][CO3]•3H2O) accompanied by 
greenalite (Fe2+2.3Fe3+0.5Si2.2O5(OH)3.3) and the 
occasional hisingerite (Fe3+2Si2O5(OH)4•2H2O) (Génin et 
al. 2005; Tosca et al. 2016; Halevy et al. 2017; Russell 
2017). These minerals are the ancient analogs to the 
ephemeral redox-resistant brucite (Mg[OH]2) and the less 
soluble calcium carbonates precipitated at modern 
submarine alkaline springs (Figure 2). The Mg2+ today is 
supplied from ocean water (pH ~8) and precipitates on 
meeting the fluids with a higher pH (9-11) (Launay and 
Fontes 1985; Kelley et al. 2001; Okumura et al. 2016; 
Price et al. 2017; Russell, 2017). The general absence of 
sedimentary siderite at Isua – i.e., from the earliest 
Archaean carbonic ocean – can be put down to its 
marked super-saturation in such fluids (Gäb et al. 2017).  

 
1.1 From Astrophysics, through Geophysics to 

Geochemistry: It’s Engines all the Way Up 
  

The mineral exploration geologist must take account of 
the context of a promising mineral province, from the 
overall geological environment, through even to 
archeological clues. One way to think of orebodies is as 
an output of natural engines driven by thermal, chemical 

 
Figure 1. Diagram showing how green rust – the precursor to 
the Isua Banded Iron Formation and presumed Hadean BIFs – 
was precipitated from ocean water on meeting alkaline 
hydrothermal fluids (Isley, Abbott,1999; Halevy et al. 2017). 
Green rust and minor sulfides precipitated at the alkaline vent 
itself are the minerals that are argued here to have been 
instrumental in the emergence of life, mediating the disequilibria 
between the hydrothermal reductants and nitrate, a high 
potential electron acceptor that allowed the first cells to breathe 
(Nealson et al. 2002; Nitschke, Russell 2009; Wong et al. 2018) 
(after Branscomb and Russell 2018). 
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disequilibria that produce feedback systems often 
signaled by oscillatory phenomena (Cottrell 1979). 
Engines do work through harnessing disequilibria through 
involvement of autocatalysis whereby endothermic 
and/or endergonic activities are promoted through 
couplings to greater exothermic and/or exergonic 
disequilibria. Indeed, the entire evolution of the Universe 
can be considered in this way, from black holes feeding 
off stars and interstellar dust, through the nuclear 
processing within the stars themselves, the formation of 
planets, the convection currents that discharge their 
thermal gradients, some of them producing ore deposits 
and, given the appropriate disequilibria, gestating an 
informed and guided metabolism (Russell et al. 2013). 
 
2 Resolving disequilibria between H2/HCOO-

/CH4/OH-/HS- and CO2/NO3-/NO2-/HPO42-

/H3O+ 

 
In the absence of life on the early Earth, far-from-
equilibrium conditions at a submarine alkaline vent on the 
inorganic involved not only the disequilibria between the 
transition metals dissolved in the then ocean and the 
hydroxide and bisulfide in the alkaline hydrothermal fluid 
that resulted in the precipitation of green rust and 
mackinawite, but also those between H2/HCOO-/CH4/OH-

/HPO42-/HS- and CO2/NO3-/NO2-/H3O+. In the latter case 
resolution was much more complex and, unlike ore 
deposition, never ending! This is because at its start the 
mineral precipitates could keep the alkaline and 
acidulous fluids apart excepting within the aqueous 
interlayers that characterize the green rust and 

mackinawite minerals comprising the barriers, and 
admitting some leakage around their margins (Muñoz-
Santiburcio, Marx 2017; Russell, 2018). In these 
circumstances, the variable valence green rust in 
particular could be coopted as a nano-engine or pump. 
For example, nitrate in the ocean could oxidize the 
proximal Fe2+ to Fe3+ ions which would then repel each 
other, having the effect of allowing access to nitrate to the 
aqueous interlayers, driven by the ambient proton 
gradient. The nitrate would then be promptly reduced to 
nitrite, and further reduced all the way to ammonia.  

In these conditions oceanic CO2 could also be 
hydrogenated to CO while CH4 is oxidized to a methyl 
group, the two products combining in a complex series of 
reactions, to make acetate, the target molecule of life 
(Say Fuchs 2010; Berg et al. 2010). Further 
hydrogenations and carboxylations would lead to the 
longer chain carboxylic acids. At the same time the 
ammonia, reduced from the nitrate, is well placed to 
aminate the carboxylic acids to amino acids (Figure 3) 
(Barge et al. 2019).  

Other “prebiotic” reactions, some of them endergonic, 
can be driven in the system as outlined in Russell (2018). 
For example, amino acids could be condensed to short 
peptides which in turn could capture the anions and 
cations of the transition elements (Milner-White and 
Russell 2005,2012; Harris, Szilagyi 2016; Kim et al. 
2018). The peptides, within, and extruded from 
interlayers of the green rust, would also spontaneously 
wrap themselves around phosphate available in the early 
ocean. In that state the orthophosphate could be 
condensed to pyrophosphate, the free energy currency of 
cells, driven by the ambient proton gradient (Milner-
White, Russell, 2012; Russell et al. 2013; but see also 
Russell et al. 2013). And the green rusts would also be 
covered with peptide so forming the very first organic 
cells, fed with hydrothermal H2 and CH4 and “breathing” 
the ocean’s nitrate (Russell 2018).  
 
3 Postscript 
 
We could characterize the emergence of life from 
minerals at a submarine alkaline vent described above as 
“minerobiolization”. Of course, we are more accustomed 
to the involvement of microbial life in mineral deposition 
as its inverse; biomineralization. The attribution is 
returned as microbes bring about the precipitation of 
many sulfidic ores that otherwise might otherwise be 
dispersed and dissipated. For example, it has been 
shown that over 90% of the sulfide in the giant Navan 

 
 
Figure 2. Eh/pH diagram (GWB: Bethke, 2007) contrasting the 
present conditions in the ocean at an alkaline hydrothermal vent 
with the acidulous Archaean/Hadean ocean. Ephemeral brucite 
(magnesium hydroxide) and calcium carbonates (not shown) 
are precipitated around modern springs, whereas variable 
valence ferrous/ferric oxyhydroxide (carbonate green rust, 
GRCO3) and minor silicates, would have been precipitated 
around alkaline vents on the early Earth as shown in Figure 1 – 
the variable valence Fe replacing the redox-resistant Mg-
hydroxide (Russell et al. 2001; Russell and Hall 2006; Russell 
2017). 

 
Figure 3. Cartoon demonstrating how green rust - separating the 
reduced and alkaline hydrothermal fluid form the relatively 
oxidized acidulous ocean – could have acted as a nitrate/nitrite 
reductase (cf. Fig. 1) (Hansen et al., 2001; Trolard, Bourrié 2012; 
Russell 2018). 
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zinc-lead orebody as a result of microbial reduction of 
Mississippian seawater sulfate (Fallick et al. 2001), 
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