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Introduction—Extracting Innovations

Martin J. Clifford and Saleem H. Ali

The key challenge is not so much globalization. It is actually, what I call 
the Fourth Industrial Revolution. Because it’s technology which creates 
the major changes in our daily lives. It’s technology that creates the fears. 
What we want to do is make the world much more aware. On the one 
hand is the opportunity of the new technology but on the other hand is 
the risks and dangers we encounter.

—Klaus Schwab

Extraction of mineral resources marks temporal milestones in human 
 civilization. From the Stone Age to the Bronze and Iron Ages, we have devel-
oped as a species through a remarkable ability to innovate in our methods of 
extracting the most useful mined elements. Fossil fuels also have catalyzed 
innovation through the advent of the Industrial Revolution from coal to oil 
to natural gas harkening back to similar subterranean innovations that also 
characterized other earthen resources.

In this book we consider the most contemporary innovations that are 
now propelling the extractive industries forward while also creating new 
environmental and social challenges. Since the extractive industries are 
considered nonrenewable on human time scales in terms of their extraction 
from the Earth’s crust, their extraction is becoming more technically ardu-
ous. Economic geologists often have been reluctant to use the term “non-
renewable” in this context because of the relentless ability of technologies 
to extract more inaccessible ores. Yet, the specter of exercising innovations 
on conventional geological ore bodies is narrowing and new frontiers of 
resource bases are being explored from deep sea beds to asteroid deposits.

We consider such new frontiers of mineral extraction and the innovations 
they require, but are most concerned about the ways in which industry is 
having to adapt to imminent structural changes in our economic and social 
systems. The founder of the World Economic Forum, Klaus Schwab, heralded 
this as the dawn of the “Fourth Industrial Revolution,” characterized by a 
highly networked digital society, and carrying important implications for the 
extractive industries. This has led to opportunities for industry to save costs 
and reduce occupational risk through automation and remote operations. 
At the same time, communities have demanded greater  environmental pro-
tection from the negative impacts of mining which has necessitated a range 
of ecological innovations.
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The socioecological fabric of innovation in the extractive industries is 
thus considered in this volume through an integrative approach that brings 
together engineers, natural scientists, and social scientists. The book had its 
genesis in a symposium that was organized by coeditor Robert K. Perrons at 
the Queensland University of Technology in Brisbane, Australia, in partner-
ship with the Oil, Gas, and Mining Club of the Massachusetts Institute of 
Technology. This collaborative effort between two major research universi-
ties alongside numerous external participants galvanized interest in such 
a volume from practitioners as well. The result is this book which brings 
together academic voices in concert with practitioners to give an empirically 
grounded and realistic evaluation of the innovations in this sector.

The goal of this book is also to consider the limits of innovation in various 
arenas. With concerns such as climate change and tailings waste manage-
ment perennially on the horizon, there is also a need to consider broader 
paradigm shifts in the sector in terms of reuse and recycling of materials 
and a gradual movement toward what is being termed a “circular economy.” 
We hope that this book will pave the way toward such a long-term trajectory 
for more efficient and sustainable resource usage.

Book Structure

This book is divided into three sections. Section I of the book provides more 
contextual depth to the impetus for the (thus far presumed) need for greater 
integration of technological innovation in the resources sector and the pro-
cesses and organizational designs that might facilitate this. It opens with an 
analysis by John Steen, Sam Macaulay, Nadja Kunz, and John Jackson on the 
“innovation ecosystem” in mining (Chapter 1). The authors weave a contex-
tual examination of the nature, drivers, trends, and challenges of innovation 
within the sector. Lessons that can be drawn from the adoption of innovation 
in other, comparative industries, namely agriculture and aerospace, are cited 
as encouraging examples for the mining industry to follow suit. Engagingly, 
the narrative here is interspersed with quotes derived from interviews with 
mining managers and executives gathered over the course of 2 years.

Following this, Kane Usher and Ian Dover offer their take on the coexistent 
“barriers and imperatives” to innovation in the mining sector (Chapter 2). 
They reassert the contradictory tale outlined in the previous chapter of 
global conditions necessitating change but the specific nature of mining as 
an activity making this inherently challenging. This, they argue, results in a 
propensity to adopt and preserve low risk methods that “work” rather than 
being involved in the “creative destructionist” arms race that has character-
ized the manufacturing, electronics, and software sectors. They propose that 
effective leadership from senior levels in mining organizations can be used 
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to drive companies through “three horizons of growth” and into a more 
innovation-friendly environment.

Chapter 3 draws the same line of enquiry for the oil and gas sector, which 
has traditionally had a reputation for being slow to develop and adopt inno-
vation. One of the editors of this book, Robert K. Perrons, offers an analy-
sis of his survey, conducted in collaboration with the Society of Petroleum 
Engineers that sought to gather insights directly from those involved in the 
industry into exactly how innovations happen in their sector and which 
networks prove most valuable in this regard. While the results might make 
gloomy reading for academic and independent research bodies, they do 
confirm the trend noted at several points within this book of a shift toward 
externally produced innovation.

Indeed, relying upon a closed system has had very real impacts for the 
Mexican hydrocarbon sector, as Victor Gerardo Ortiz Gallardo outlines in 
his brief appraisal that constitutes the first of the book’s shorter “vignette” 
contributions (Chapter 4). Due to total monopoly held by the state-owned oil 
company, PEMEX, his organization, the Mexican Petroleum Institute, and a 
small team of other suppliers, has worked solely with one entity for many 
years. He highlights how this has slowed progress in technological develop-
ments, despite some interesting projects.

In the case of Australia, the government has, in fact, set out to ensure that 
its most important economic contributor is “future-proofed” with the estab-
lishment of the National Energy Resources Australia (NERA), a not-for-profit 
with a mandate to grow collaboration and innovation in the country’s energy 
resources industry. In Chapter 5, Miranda Taylor, NERA’s chief executive 
officer, briefly highlights the context under which the organization came 
about, their identified goals, and the approaches to ensuring continued com-
petitiveness and innovation in the coming decades.

Closing off the first section and setting the scene for the next is John 
McGagh, former Head of Innovation at Rio Tinto, who gives his viewpoint 
on what makes “now the time” for kickstarting a new wave of advances in 
the mining sector and what represents the most promising areas for tech-
nological improvements (Chapter 6). Specifically, he picks out effective use 
of “big data,” much wider use of automated systems, and the need for a 
renewed look at process methods as fruitful areas for future developments.

Section II of the volume looks at principles, practicalities, and potential of 
such developments in action, highlighting how the use of technological inno-
vation is beginning to permeate the extractive industries in a myriad of ways. 
An engaging way to start this collection is through Jonathon Ralston, Craig 
James, and David Hainsworth’s longer term overview of the  emergence and 
evolution of digital technologies in mining (Chapter 7). They use the example 
of longwall coal operations, stretching back 60 years and working through to 
the modern era. They round the chapter off by highlighting emerging areas 
of technological innovation as well as important areas for future consider-
ation and development of the digital mining ecosystem.



xx Introduction—Extracting Innovations

Brian J. Evans, Head of the Petroleum Engineering Department at Curtin 
University in Perth, Australia, also takes a broad view of what the imple-
mentation of technology might look like on a pragmatic level and some of 
the (often less considered) knock-on effects for a daily operation in Chapter 
8. He considers the example of an operating room for a liquefied natural gas 
(LNG) gas train, and what the full integration of data sources, analytics, and 
automation might look like for an individual using these systems.

Moving to more specific areas of focus and research, coauthors Robert K. 
Perrons and Derek McAuley provide another valuable contribution on this 
topic in Chapter 9, which explains how the “big data” revolution will prob-
ably unfold differently in the mining sector than it has elsewhere through-
out the marketplace. The authors point to important differences in the costs 
associated with acquiring large volumes of data in a mining environment, 
and make the case for a more focused data collection and processing strategy 
than what is being evangelized these days by many vendors and consultants 
in the data analytics domain.

And there are signs that the oil & gas industry is also refining and 
re-shaping its data management philosophies in the face of “big data,” too. 
In Chapter 10, Richard Mohan David explores how companies in that sec-
tor are more effectively using data and technology as parts of the evolution 
of “digital oilfield” technologies. As well as pointing out some of the more 
prominent “strategic initiatives” for integrating next generation technolo-
gies, he narrows in on what he terms “data driven technologies,” which 
are beginning to harness the depths of previously underutilized data, as 
being particularly promising.

Chapters 11 and 12 provide examples of just this type of data use in action. 
Justin Montgomery and Francis O’Sullivan’s modeling of the productivity of 
unconventional oil and gas wells, something which has proven to be extremely 
unreliable, is based upon predictive analytics. This form of analytics is reli-
ant upon capacity for data mining, modeling, machine learning, and artificial 
intelligence that previously were not technologically possible and have found 
increasing weight in natural resource research. Ali Soofastaei, Peter Knights, 
and Mehmet Kizil also employ data analytics in their  proposed model to opti-
mize the fuel efficiency of haulage trucks. Using artificial neural network mod-
eling and genetic algorithms, which again rely on computing reams of data 
and running a huge number of complex functions, they arrive at an extremely 
high agreement between (their) modeled and observed fuel consumption. 
With material haulage consuming a significant proportion of energy consump-
tion at mining sites, this proposed model has significant potential to improve 
efficiencies in active mines or before production even begins. The wider point 
of these two studies, of course, is demonstrating that the large amount of data 
collected daily by energy companies can be put to effective use with appropri-
ate harnessing of increasingly advanced technological techniques.

As is highlighted in many of the overviews of the sector, in the modern 
context of the industry, the largest percentage of innovation arises not in the 
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research and development departments of companies, but from firms that 
supply them with products and services. P.J. Hollenbeck of ARANZ Geo, a 
technology provider for the mining, energy, and environmental industries, 
provides us with an archetypal example of this in practice in Chapter 13. 
He takes us through the development and numerous uses of the company’s 
Leapfrog Aspect Viewer, a geological modeling process that uses augmented 
reality to allow the user to visualize the model and physical space simultane-
ously using the camera software on a mobile device. This is a perfect illus-
tration of the innovative work that companies that supply the industry are 
driving through. Encouragingly, extractive companies are increasingly alert to 
the potential of collaboration. Energistics Consortium, a not-for-profit indus-
try consortium working with extractive firms and suppliers, aims to bridge 
this process in Chapter 14. They provide standards, protocols, and tools not 
only to corporations but also to associated technology companies, with the 
aim of ensuring a consistency and interconnectedness across the board. In a 
brief vignette, they review the context behind and effectiveness of their work.

A total alternative to attempting to streamline efficiency and boost productiv-
ity in known energy resources, however, is to seek out and exploit entirely new 
frontiers, something that underpins the emerging deep-water and embryonic 
off-Earth mining industries, which round off our second  section. Again, and cen-
trally with the theme of this book, moving such ideas toward reality has been the 
result of substantial technological progress over recent decades. Lindsey Harris 
of the University of Hawaii summarizes the technical advances and the social, 
environmental, and regulatory dynamics surrounding the growing discussion 
of the deep-water mining industry in Chapter 15. Then, Serkam Saydam, who 
has collaborated with NASA and the Kennedy Space Center, reviews the litera-
ture relating to the prospects of mining on asteroids, the Moon, and Mars and 
summarizes the major remaining technological challenges that need to be over-
come for the industry to realistically come into existence in Chapter 16.

In the third section of the book, elements of social responsibility and environ-
mental stewardship that intersect with innovation and technological adapta-
tion are introduced. As Sharon Flynn puts across in her responses at the outset 
of this portion of the volume (Chapter 17), the seminal World Bank report into 
the social and environmental performance of the extractive industries and 
the consequent introduction of Performance Standards by the International 
Finance Corporation (IFC) have, commendably, “rocked the boat,” heralding 
a shift in corporate approaches from well-critiqued standard offerings toward 
more collaborative, sustainable, and socially embedded strategies. As she goes 
on to emphasize, a rapid adoption of such approaches will be essential as future 
mining operations are likely to increasingly have to look toward areas of higher 
population density or ecological diversity in the search for new ore bodies.

The proliferation of public-private partnerships (PPPs) between compa-
nies, host governments, and local communities are a prominent example of 
the “new breed” of social responsibility arrangements. The work of com-
panies like ExxonMobil, whose LNG project in Papua New Guinea is the subject 
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of John Moore, Andry Nowosiwsky, Valentina Kaman, and Gary Krieger’s 
Chapter 18, seeks to go beyond traditional Corporate Social Responsibility (CSR) 
approaches to create “shared value” and a platform for more impacting and last-
ing social integrity. The authors provide an engaging and in-depth discussion 
of the context, critiques, and considerations regarding PPPs, and the company’s 
experience in implementing such a partnership. It is a highly informative case 
study for academics and (governmental and corporate) policymakers alike.

A likely and seemingly emerging trend is for these partnerships to stretch 
across sectors, as evidenced by the study outlined in Chapter 19 by Tim Grice 
and Saleem Ali, two of the volume’s editors. This initiative to extend mobile 
banking and financial inclusion in Papua New Guinea resource regions is 
anticipated to involve financial regulators, banks, and telephone companies 
alongside extractive operators and host communities in a “multistakeholder 
working group.” It will be extremely interesting to see how these types of 
schemes develop.

Bruce Harvey’s comments on the emerging field of “local level agree-
ments” (LLAs) in Chapter 20 carries a similar sentiment to the two preceding 
chapters. The central tenet of these agreements is the sharing of benefits that 
result from resource exploitation between companies and land-connected 
communities. By highlighting the “ideal” content and processes in establish-
ing of such agreements, the author attempts to emphasize this approach as 
an innovative way of ensuring much more direct, collaborative, and long-
standing interaction between companies and host communities than can be 
said of pre-existing CSR initiatives.

If the subject of PPPs and LLAs deal with proactive social engagement, 
there are also significant challenges and substantial scope for improvement 
in the way companies react to social criticism and incidents. For example, 
previous approaches for dealing with social incidents (e.g., protests, strikes) 
involving resource developers have come under scrutiny. Simultaneously, 
there is also increasing external demand to deliver technically rigorous social 
due diligence in increasingly demanding circumstances, which many com-
panies have struggled with. Deanna Kemp, John R. Owen and Jill Harris 
examine in Chapter 21 how social science methods and models, which have 
traditionally been kept “outside the fence” by many mining companies, 
could provide a much more nuanced and, as a result, informed understand-
ing and mitigation toward dealing with social incidents and helping to stop 
them reoccurring.

Colette Einfeld, Sara Bice, and Chen Li’s Chapter 22 on the challenges 
posed by social media for extractive industries’ community relations prac-
tices is extremely interesting for its focus on less orthodoxly considered ele-
ments in modern Public Relations (PR), especially among industries with 
more traditional approaches, like in mining, oil, and gas. Using an analysis 
of Twitter in relation to proposed or existing coal seam gas (“fracking”) oper-
ations in Australia, the authors point to how the rapid and geographically 
untethered spread of multiple streams of information to a huge disparate 
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audience has given birth to new forms of “concerned communities” and 
activism. Despite not existing in an electronic dimension, these streams can 
have very real reputational and operational impacts and require a new, as of 
yet unconsolidated, approach by companies toward protecting their social 
license to operate.

Moving on to environmental innovations, in Chapter 23, Philip N. 
Nkrumah, Guillaume Echevarria, Peter D. Erskine, and Anthony van der Ent 
present the interesting case of phytomining, in which metallophytic plant 
species, especially those that are “hyperaccumulators,” are used to draw 
metals from the ground which are then harvested from their biomass. This 
interesting idea could be used as a method to rehabilitate former mining 
lands by removing elevated metallic compounds in an economic and eco-
logical fashion. It can also be used, the authors suggest, as a mining method 
on scattered, less economically viable deposits, possibly as smaller, “agro-
mining” operations. Using the example of nickel accumulation, the authors 
outline suitable environs, selection of appropriate species, processing meth-
ods, and the potential economics of the practice.

Interestingly, the ecologically friendly methods outlined here may owe a 
partial debt to research carried out at the Eden Project, an equally conceptual 
and practical location in a former clay mine, as described by Saleem Ali in 
Chapter 24. The Eden Project is not merely a tourist attraction but a prag-
matic exercise in post-mining rehabilitation, centered around an ethos of 
renewability. Part of this project is restoration research, including identify-
ing species suitable for the phytomining methods, mentioned by Nkrumah 
and his coauthors, in the facility’s greenhouses. This was in addition to stabi-
lizing and construction of the site itself, using the pit and thousands of tons 
of topsoil, in both a feat of engineering and a utopian ideal of what can be 
done with former mining sites.

Finally, Jonathan Stacey, Yolande Kyngdon-McKay, and Estelle Levin-Nally 
introduce a method for an innovative rehabilitation approach tailored for the 
artisanal and small-scale mining (ASM) sector in Chapter 25. As a sector 
that is largely unregulated and informal, driven by poverty, and has proven 
resistant to change, this approach is a tough task. It is also a worthy one, par-
ticularly with ASM; the social and environmental impacts are very clearly 
felt by local communities, and the price of permanently debilitating formerly 
useful land is a heavy price to pay for the (typically) short-term gains of 
extracting what is underneath. The authors introduce a detailed, locally 
appropriate, and potentially replicable framework for rehabilitation in this 
context, the Frugal Rehabilitation Methodology, implemented in Mongolia. 
This approach is a very welcome addition to the ASM literature, which often 
attempts to quantify and reduce environmental impacts during operations, 
but has thus far had very little to say on what should be done afterwards.

The “Conclusion” chapter of the volume, by Robert K. Perrons, draws 
together the various narrative strands running through the text and spec-
ulates on what lies ahead. While obvious differences exist between each 
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sector of the extractive industries, and indeed between different contexts 
and companies, there are shared challenges: increasingly tough conditions 
under which to maintain efficiency and productivity, coupled with burgeon-
ing environmental and social demands. Perhaps most encouragingly—and 
something which this book hopes to demonstrate, through appropriate use 
of technology and innovation—the means are seemingly there to deal with 
these circumstances and to follow directions that were inconceivable in liv-
ing memory. We hope that this book provides a conceptual and pragmatic 
taste of the current groundswell in new approaches to manage and advance 
the extractive industries, and acts as an inspiration for continued progress in 
future research and implementation of these ideals.
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Understanding the Innovation 
Ecosystem in Mining and What 
the Digital Revolution Means for It

John Steen, Sam Macaulay, Nadja Kunz, and John Jackson

1.1 Introduction

One thing that is clear about economic development is that sustainable 
improvements in productivity come from technical change (Eslake and 
Walsh 2011). During the period of inflated commodity prices leading up to 
2013, profitability in mining was high but productivity declined as mining 
companies rapidly expanded their operations. With a focus on production 
rather than efficiency, mining companies opened high-cost mines to meet 
demand (Eslake and Walsh 2011; Syed 2013).
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Since the sustained decline in prices over the past years, productivity 
has returned to center stage as a concern for mine managers. Between 2013 
and  2015, surveys of executives showed that productivity declines were 
identified as a key risk for the industry and cost reduction was prioritized 
(Mitchell and Steen 2014; Mitchell et  al. 2017). Although the initial focus 
was on labor cost reduction and squeezing input prices, mining compa-
nies renewed an interest in innovation to address long-term challenges that 
could not be met by short-term cost cutting. Several reports noted that in 
the long term, mining productivity will decline due to exhaustion of high-
quality resource deposits in easy-to-access locations (Syed 2013). Critical 
inputs for mines such as energy and water also will become more expen-
sive. Increased scrutiny by community and governments also will challenge 
the social license to operate. Consequently, mining companies must find 
ways to minimize environmental impacts and show benefits to the regions 
in which they operate. This focus also will require the mining industry to 
innovate.

The mining industry has a long history of innovation. One study of copper 
mining shows the step change reductions in operating costs that come with 
successive introduction of new technology over the past century (Tilton and 
Landsberg 1997). Although the economies of scale that come with industry 
expansion can account for 30% of cost reduction, innovations such as sol-
vent extraction electrowinning (SXEW; hydrometallurgical processing rather 
than smelting) and computerization of operations can account for 70% of the 
cost reduction during that time.

However, the pressure to improve the innovation performance of the min-
ing industry to address these long-term challenges means that mining com-
panies need to fundamentally change the way they innovate. We agree with 
recent commentary by the Rio Tinto Group that innovation in mining is dif-
ferent from other industries (Shook 2015), but we also suggest that important 
similarities with other industries provide examples of how mining compa-
nies can embrace a more innovative future. Furthermore, digital technology 
will be a key enabler of innovation in the mining industry and will have pro-
found effects on the nature of competitive advantage in the mining industry 
sector and the relationship between mining companies and their technology 
suppliers.

Characterizing the nature of innovation in the mining industry sector 
is important because most mining innovation takes the form of process 
innovation and on-site problem solving, which is not well captured by tra-
ditional innovation measures such as research and development (R&D) 
expenditure and patents (Kastelle and Steen 2011). Mining companies are 
also net- consumers of innovation and rely heavily on the mining equipment, 
technology, and services (METS) sector for solutions and new technology. 
Understanding this relationship between mining companies and their sup-
ply chains is crucial for making sense of innovation in mining as a special 
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case of open innovation (Dodgson and Steen 2008). Another feature of inno-
vation in mining is that mines are systems of connected technologies known 
as complex capital goods (Acha et al. 2004). This point has two implications 
for mine innovation in that innovation can be hidden within these complex 
capital goods and not readily measured in surveys of mining innovation. 
The other implication is that new technology enters a mine as part of a 
deeply interdependent social, technical, and organizational system and this 
implication makes the introduction of innovation especially challenging in 
the mining industry sector.

Although mining does have obstacles to innovation, other industries also 
share these attributes of being innovation consumers and innovating in com-
plex production systems. Mining executives are currently interested in digi-
tal technology for improving efficiency through cost reduction, but we can 
draw on experiences in adjacent industries to argue that digital technology 
also can be used to facilitate the introduction of more radical innovations in 
complex business environments.

We discuss how digital technology within the innovation process might 
allow mining companies to innovate in areas that will become critical in the 
future such as better use of water and managing the mine through the entire 
lifecycle from planning to decommissioning. Throughout the discussion, 
we illustrate key points with quotes from interviews that were conducted 
between 2014 and 2016 with mining managers and executives from Australia, 
North America, Africa, and South America as part of exploratory research into 
innovation and productivity in the mining industry. We conducted all these 
interviews with ethical research approval from the University of Queensland 
and recorded them with the permission of the interviewees for analysis.

1.2 Does Innovation Happen Differently in the Mining Sector?

The mining industry has a reputation for being reluctant to innovate (Hanson 
et al. 1997; Dodgson and Steen 2008; Mitchell et al. 2014). This reputation is 
not solely based on the views of outsiders. Rather, it is often heard from those 
in the industry. For example, the Anglo American plc chief executive officer 
(CEO), Mark Cutifani, declared that unless mining companies improve their 
innovation performance they will become subsidiaries of proven innova-
tors like General Electric (GE) Mining (Mitchell et al. 2014). Several indus-
try reports have commented on the low rate of R&D spending in mining, 
especially in comparison to similar industries such as oil and gas (Mitchell 
and Steen 2014). In our interview series we generally found that interview-
ees agreed that mining was not a very innovative industry and this lack 
was attributed to a range of factors. Some interviewees pointed to a general 
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problem of a business culture that avoided innovation and preferred to use 
established technology and procedures:

…you can see the productivity gain would be enormous and the techni-
cal challenge is not difficult at all. But it’s more of a cultural thing within 
the mining space; there seems to be a bit of push back on innovating and 
finding a new way of doing things. (Australian GM)

Several interviewees mentioned the short-term time horizon often applied to 
innovation investments. The underlying reason for this short-term horizon, 
though not clear, may be associated with the volatile nature of cash flows 
and profits that are most driven by commodity prices.

…gosh, how many times have I seen let’s use the word innovation or 
something; people trying to launch initiatives, be it at the asset level or 
even at the group level. But the moment anything like innovation comes 
along, and anything that could be bucketed under innovation, it has a 
very short shelf life in the mining culture. (North American CFO)

In one of my predecessor companies, our leaders set up a technology 
group and they were working on things like “Let’s trans- levitate rock 
out of the pit using linear synchronous motors.” And I am sorry, you can 
work on that for 10 years and you are not going to deliver any value. 
So,  I am sorry to be this way, but this pie in the sky, “we are going to 
reinvent the world,” I am not a big fan of that. (North American CEO)

Through necessity, we kind of moved into “We need to generate value, 
and we need to generate value on a very short time horizon.” So that sort 
of eliminates anything too clever and too thoughtful. (UK GM)

One way of thinking about this short-term focus is that mining companies 
have a limited appetite for business risk. In one discussion, an Australian 
mine manager explained that mining companies had a finite budget for risk 
and most of this was allocated to exploration and development. When inno-
vation does happen, it tends to be in response to persistent challenges that 
threaten the business, such as sustained periods of low margins or logistics for 
a remote operation. Mining businesses tend to innovate when they must do so.

…many years ago we had to work with a lot of smaller margins in 
terms of operating a gold mine or a copper mine or a silver mine. So, we 
were a little more entrepreneurial and innovative about some of the 
things that we did. I think the last decade of high metal prices is taking 
some of that out of us. (North American CFO)

Yeah, so, I think the mining industry is pretty good at R&D and innova-
tion. Some of that actually would come out of necessity: if you’re work-
ing in remote parts of the world you need to be able to somehow make 
the mine more independent. (North American R&D director)

This conservatism also means that the preferred approach to innovation is 
to be a fast follower rather than the leader who wears the cost of developing 
the technology and solving the problems associated with it.
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I think you have always got to be open-minded over technology. And par-
ticularly you have always got to be looking for disruptive  technology and 
that doesn’t mean you need to be the proving ground; you just need to 
be a fast follower and so if Rio Tinto wants to go and manage  automated 
trucks and stuff like that, okay we will watch them closely, but will be 
prepared to implement that when they get it right. (Australian COO)

In addition to the broad explanation of culture, some interviewees offered 
more specific reasons for why mining companies were reluctant to be radi-
cal innovators. One of these reasons was due to the nature of competition. 
As  long as the big mining companies compete on ownership of long-life, 
low-cost deposits, technology only needs to be fit for purpose rather than 
source of competitive advantage. In other words, mining companies only 
innovate when they are forced to.

The definition of a world class resource is one that survives five 
 generations of incompetent management. You end up with these big 
behemoth mining companies sitting on great geological resources, and 
it sort of crowds out the ability for innovative companies to come in and 
shake things about. (South American GM)

Beyond the nature of competition, the way that mining companies have been 
traditionally structured as portfolios of relatively independent mines also 
limits innovation to small-scale programs that fit the budget cycle of a mine 
manager (Mitchell et al. 2017). Radical innovation needs longer time frames 
and greater financial returns that can be achieved from implementing new 
processes across the business to achieve higher returns on investment.

If you want to introduce disruptive innovation in mining, you cannot do 
it with the level of autonomy and empowerment that is currently given 
to site managers. There has to be some recentralization of the technology 
to make a major change. (North American R&D director)

Paradoxically, some executives identify the problem of justifying innovation 
in a large-scale operation with high operating costs unless the return was 
of a magnitude that was similar to the scale of the costs and profit. While 
pointing to the need for innovation to generate immediate returns at low 
risk, these returns also had to be sufficiently large to justify attention from 
senior managers. This is a paradox because high returns on investment must 
involve taking bigger risks. Clearly this mindset of wanting big rewards with 
minimal risk is going to be a barrier to any systematic innovation program 
due to the incompatibility of high returns and low risk.

If you get a lot of automation into your mine, and the trucks, and the 
data, and – you will see the massive benefits, but counterfactual to that, 
as you say, there’s actually a fairly massive cost, and if all you are doing 



8 Extracting Innovations

is realizing 10 percent on your cost, then it’s pretty hard to justify that 
economically, and you know, if you are making 40 dollars a ton it’s not 
shifting the dial, you know, for the amount of risk you’re taking on. 
(South American Mining Executive)

While coming up with reasons for the mining industry’s reputation for slow 
and incremental innovation, several respondents questioned how sustain-
able this lethargic pace of innovation was in the long term. The mining 
industry executives understand the importance of innovation but when it 
comes to committing resources to make it happen, mining companies have 
little resolve to move forward.

….but it is clear to me that we have got to ask the question, are there more 
incremental solutions available, or is it time to do something more radi-
cal? (African Chairman)

You get to a point where, without some sort of innovation or some-
thing like that, you would get to a point where you are just going to get 
diminishing returns on the effort you are trying to put into improve it. 
(Australian GM)

The evidence from these interviews reinforces the view that innovation 
in mining has become slow and incremental, especially in recent years. 
However, finding quantitative answers to the question of what type of 
innovation do mining companies do and how much innovation happens in 
the mining industry is difficult due to the lack of fine-grained data on the 
mining industry sector. Innovation surveys based on the European Union 
Community Innovation Survey have been around in many countries since 
the 1970s, but these cover a cross section of national economies and do 
not capture sufficient data from the mining industry sector to address the 
question of what mining innovation looks like (Dodgson and Steen 2008). 
Answering this question is important because different industries have dif-
ferent innovation signatures and comparing dissimilar industries may lead 
to erroneous conclusions about the future of mining and how it might be 
shaped by innovation.

1.3  Mining Companies as Process Innovators 
and Consumers of Innovation

If innovation does have different characteristics in the mining industry com-
pared to other parts of the economy, then what might some of these dif-
ferences look like? In considering this question it is useful to think about 
classifications of various forms of innovation. One of the founders of inno-
vation economics, Schumpeter (1912), took a broad view of innovation that 
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could include new products and services, new production processes, new 
markets, and new sources of supply, as well as changing the structure of the 
industry.

Discussing these different forms of innovation is important because in our 
interviews we encountered many differing interpretations of what consti-
tutes innovation in mining. This variation often extends to differences in 
the same mine site. While one manager will explain that no innovation hap-
pens on site, another manager will give details on several innovations that 
were introduced to key production activities. This disconnect is not because 
the innovation is secret but rather because there is not a common language 
for innovation in mining.

Most mining companies tend not to produce new products although there 
are some exceptions in vertically integrated businesses that transform com-
modities into value-added products. It is also possible to argue that blend-
ing sources of commodities from different mines to meet customer needs, 
such as iron ore in the Pilbara region of Australia, is a form of product inno-
vation. Most commonly, innovation in mining takes the form of improved 
processes. Although many of our interviewees do not call it innovation, it is 
apparent that process innovation is very important to the mining industry. 
Some examples from our interviews include improving efficiency in asset 
utilization and management:

In the future there are huge improvements that people are looking at 
in terms of the planning and scheduling of fleets, the planning and 
scheduling of fleet maintenance as well, those sorts of things. (North 
American CEO)

Other examples of process integration included better connections between 
the steps in the ore processing pathway.

…they improved the output from 13  million ton to 14.5  million, you 
know, that’s 1.5  million ton over 13, but with the same fleet, with the 
same volume mined, but much improved. And it was a huge joint effort. 
It involved right from the mineral resource management in terms of 
knowing and predicting what you are going to mine and blast, all the 
way to analyzing the losses and everything in the processing system. 
(African Director)

Although these are certainly process innovations, measurement of them and 
quantifying their impact on the business is a challenge for researchers and 
mine managers. Although new product development can be isolated from 
business activities, process innovations tend to be done on site within the 
business and are harder to analytically separate from non-innovative activi-
ties. As highlighted in the previous quote, process innovation can have a 
huge impact but also tends to be an accumulation of smaller innovations 
over time. Consequently, this accumulation of small process innovations can 
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be invisible to senior executives and sometimes an early target in a round of 
budget cutting.

The other signature of innovation in the mining industry is that  mining 
companies are predominantly consumers of innovation produced by the 
METS sector. Measuring patents shows that the METS sector produces vastly 
more innovation processes than the mining companies and that this gap 
between them is growing (Figure 1.1).

The innovativeness of the METS sector comes with diversity as providers 
compete across different technologies and customers. In a study done for the 
Minerals Council of Australia, Scott-Kemmis (2013) mapped the interrela-
tionships between different subsectors of the METS sector (Figure 1.2). This 
map represents a wide array of products and services with some services 
such as consulting and design and project management playing a connect-
ing role between other specializations. This map shows a diverse and con-
nected industrial ecosystem within the mining supply chain that accounts 
for much of its innovativeness relative to the mining companies.
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FIGURE 1.1
Ownership of patent families by mining companies versus METS sector and other public 
research providers. (From Francis, E., The Australian Mining Industry: More Than Just Shovels and 
Being the Lucky Country, IP Australia, Canberra, Australia, 2015.)
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In this diagram (Figure 1.2) from 2013, the category “Information technol-
ogy and related services” is one of the smaller categories of subsectors on the 
periphery of the cluster. However, this is deceptive because we know that 
this sector has not only become bigger but is also embedded in the technol-
ogy and capabilities of all the other service sectors (Francis 2015). With the 
blurring of technological boundaries, it becomes harder to define the tech-
nological boundaries of METS sector because a range of new information 
technology (IT) service companies such as SAP, IBM, and GE Digital have 
become part of the mining supply chain.

If the METS sector is providing innovation for mining, then how can mining 
companies make more of this innovative capacity? At least two considerations 
suggest how mining companies can create a more innovative industrial eco-
system. The first of these considerations is the principle of absorptive capac-
ity (Cohen and Levinthal 1990) which states that organizations are unable 
to absorb innovation unless they are capable of producing innovations and 
implementing them within the business. The second of these considerations 
is collaborative supply chain relationships with innovation incentives and 
risk sharing/risk bearing agreements (Caldwell 2009; Steen et al. 2017).

Core engineering design and
project management (EPCM)
Engineering services, process
and mechanical design; Asset and
resources management; Mining
engineering and contracting; Mine
planning; Mineral analytical and
processing services; Project and contract
management; Closure, reclamation and
remediation; Mapping services; Mine
site design and construction

Contract operations
Engineering contractors;
Contract mining and mining
services; Alluvial mining and
mineral sands operations;
Drilling services

Other services
Equipment and component
supply and servicing

General equipment
and components
Supply of parts,
equipment modifications
and improvements, related
components and consumables

Specialised technology
Analytical laboratories and
supplies; Exploration and supplies;
Mining instrumentation; Strata
Reinforcement technology

Consulting services
Mining consulting, consulting
geologists and engineers,
metallurgical geotechnologies
and environmental services

General support services
Education and training, safety
and health systems and services,
recruitment and HR solutions,
R and D, Finance services

Information technology
equipment and related services
Information management systems;
Software; Communication systems;
Automation, simulation and remote
communications; Ground control
equipment and supplies; Satellite
communication

Core mining and processing
equipment
Bulk material and mineral handling
and processing, open cut, hard
rock and underground mining;
Specialised vehicles, drilling,
Blasting and rock-breaking,
Earth moving, surface mobile,
water management, electric
power, coal beneficiation

FIGURE 1.2
Relationships between subsectors of the METS sector (From Scott-Kemis, D., How About those 
METS? Leveraging Australia’s Mining Equipment, Technology and Services Sector, Minerals Council 
of Australia, Canberra, Australia, 2013.)
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Traditionally, mining companies have transactional relationships with the 
supply chain where procurement managers endeavor to find technology and 
capabilities at the lowest price and structure the contract to transfer delivery 
risk to the supplier. In other industries, such as construction, this approach 
has been shown to stifle innovation because the supplier will do just enough 
to fulfil the requirements of the contract. With no incentive for finding a 
better solution, the introduction of a new process by the contractor simply 
becomes risky and financially unviable for them (Davies et al. 2014).

Typically, digital technology is considered as an outcome of innovation 
but there are many examples of digital technology being a catalyst for 
innovation, especially in the areas of improving absorptive capacity and 
facilitating collaboration between businesses. Dodgson et al. (2005) coined 
the term “innovation technologies” which span a range of forms and app-
lications including data mining, 3D printing, computer-aided design 
(CAD), computer simulation, and virtual collaboration (Salter et al. 2005). 
Innovation technologies improve innovation performance in settings such 
as car manufacturing, architecture, and services such as hospitals and also 
may be especially important in large, complex, capital intensive businesses 
like mining.

Prototyping and experimentation are important for innovation which 
might be easy for small consumer products but how can we experiment in 
a mine without risking safety and production? Simulation and visualiza-
tion can enable performance of experiments in virtual mines without the 
risk of performing real experiments. Mine simulation technology already 
exists to assist with optimizing scheduling of mine development and load 
and haul decisions, so Dodgson et al. (2007) have shown how simulation can 
gather important information about the cascading effects of new technol-
ogy in complex technological systems and can foster collaboration within 
the organization and with external stakeholders. Visualization allows these 
stakeholders to see the results of the new technology and offer their input 
into the design process (Gann and Dodgson 2008).

The internet has become the basis for many forms of innovation technol-
ogy, especially for opening up a business’ unsolved problems and intel-
lectual property base. Proctor and Gamble developed an internet portal to 
find external partners to commercialize their unused intellectual property 
(Dodgson et  al. 2006) and Goldcorp famously developed their Red Lake 
mine in 2000 by posting geological data on the internet and offering a prize 
for the best model of the resource (Saefong 2016).

Innovation technologies also can change the relationship between busi-
nesses and their supply chains by encouraging more collaboration and risk 
sharing. Forsythe et  al. (2015) studied the effects of construction simula-
tion technology (building information modeling [BIM]) on the relationship 
between builders and their suppliers. They found that BIM enabled the shar-
ing of information so that contracts were more easily managed, and a higher 
level of collaboration could exist between project owners and contractors.
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However, innovation technologies alone will not make mining companies 
more innovative. The way that mines and mining companies are organized 
also will need to change to become better integrated.

1.4 Complexity and Silos as Barriers to Innovation in Mining

One barrier to increased process integration in mining may be explained 
by the hierarchical structure that is characteristic of most major mining 
companies. Mine sites are typically structured following the Mintzberg 
(1981) Machine Bureaucracy (i.e., a large operating core conducting low-
skilled and specialized work supported by a large middle management 
and a small upper management). This structure is effective for optimizing 
individual system components (e.g., mining, processing, environment, and 
community relations). However, this structure creates challenges for opti-
mization across the value chain. Many mines suffer from communication 
“silos” across departmental functions (Kemp and Owen 2013; Kunz et al. 
2017) such that individuals are so specialized that they can no longer see 
the big picture.

I made a comment to a manager who was running a coal plant for me 
when I was running the mine there and I said, “Your job is to optimize 
the coal plant...” and I was responsible for the coal plant, the tech ser-
vices, the mine and the likes…and my job is not to let you. My job is to 
optimize across all of them but with the tools you’ve got you’re supposed 
to try and optimize what you’ve got there.” (UK GM)

Engineering efforts to overcome this integration challenge are  widespread. 
For example, concepts such as “mine-to-mill” and the more recent 
 “cave-to-mill” have highlighted the importance of optimizing net present 
value (NPV) from ore extraction through to the processing circuit (Nadolski 
et  al. 2015). Recently, scholars have also encouraged mining companies to 
adopt an integrated approach to designing mining tailings in a way that 
anticipates and prevents environmental legacies that have historically arisen 
at mine closure (Edraki et al. 2014).

The integration challenge will become ever-more critical for mining com-
panies in the future. Technical complexity is set to increase due to declin-
ing ore grades, more complex mineralogy, and deeper deposits which will 
broaden the environmental footprint of mines. Mining companies will need 
new technological innovations and mass-mining methods to extract ore from 
more remote locations. The increased social conflicts associated across the 
mining industry sector also will exert growing pressure on mining compa-
nies to minimize their environmental impacts (Hodge 2014). This effort will 
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create a challenge because complex socio-technical systems are  inherently 
challenging to optimize and control:

...if you want to rely on human heuristics to do this integrated value 
optimisation, then you can only do that within relatively limited size of 
teams. Once you get above a thousand people in a team then it becomes 
very difficult to get that connectivity.

The “Machine Bureaucracy” may have been an effective structure for the 
mining industry of the past when it operated in traditional command-
and-control paradigms; however, its rigidity impedes adaptability and resil-
ience. A further challenge is disconnects in vertical integration from the CEO 
to operator (Kunz 2016). Systems optimization is therefore also reliant on 
middle management to connect tactics and strategy. Unfortunately, research 
reveals that many mining companies have a lack of strategic thinkers at these 
levels. As reported in Mitchell et al. (2014), several of the CEOs who we inter-
viewed observed that most system thinkers in the mining industry sector 
are at such a senior level that they are side-lined from the day-to-day opera-
tions of the mine. Kunz (2013) coined this problem as the “missing middle” 
and found that it could have significant implications for managing water on 
mines, an example of an issue that requires a systems approach.

Addressing the mine integration problem therefore requires not only tech-
nical innovation but also innovations in the human systems responsible for 
management. Incentive structures including key performance indicators 
(KPIs) may need a rethink as they may be impeding innovation. These incen-
tive structures must be linked to systemic goals, not only to task functions. 
As we were told by one R&D executive:

I said before that there is not going to be real innovation in mining for 
as long as engineers are paid by the hour, because the whole model, the 
supply chain procurement model that pulls together the mining system 
is not able to embrace technology risk effectively, in a controlled manner. 
(North American R&D director)

1.5  Managing Mine Innovation in a Digital 
Environment: Lessons from Other Industries

The fundamental enabler of digital technology is the exponentially  increasing 
processing power of computer chips which at the same time are becoming 
smaller and cheaper. What this means is that data can be generated, pro-
cessed, and integrated in a way that was not previously possible. This is the 
age of the “Internet of things” where people and machines are connected 
through the constant collection and transmission of data.
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The digitization of mining is not the normal incremental or radical 
type of innovation that mining firms are used to dealing with. Instead, 
 digitization represents a systemic architectural innovation (Henderson 
and Clark 1990) that changes the way in which the components of a min-
ing system are linked together. This type of innovation is recognized as 
being difficult to respond to and manage because, although it changes the 
way components are linked together, it leaves the identity and knowledge 
of individual components relatively untouched and can thus be hard to 
recognize until it is too late to adapt. In our interviews, several executives 
commented on the problem of getting value from data. Mines can gener-
ate a huge quantity of information but verifying the quality of the data 
and connecting it to processes and better decisions is a problem according 
to many mining executives. The following quote typical of many similar 
comments:

We collect ten times more data than we even look at. So why collect it? 
Because we thought it was valuable to do so. But yet we do not look 
at it. So, let’s start looking at the data we already collect. (Australian 
Operations Manager)

Digital technology is an enabler of a new integrated business architecture 
and the linking of different systems within a mine to dynamically optimize 
production but this transformation is not straightforward.

Building the model sounds so simple, but I’ve seldom come across it ever 
actually, a fully integrated model that goes right across the mine value 
chain from one end to the other that doesn’t have other feed ins from 
spreadsheets and all sorts of other things along the way - that fully inte-
grated model that’s actually picking up information independently from 
the processes and running real time is still something that seems to be 
very, very difficult to put together. (South African Director)

However, the technology alone will not produce this integration across the 
mine functions. Without changes to the organization in terms of decision 
responsibilities, roles, and information flow, the digital revolution in mining 
has so far been disappointing.

Things like SAP are a business tool and, by themselves, add zero value. 
It is the processes you put around them that may or may not add value. 
In the way it was done in the organizations that I have worked in, they 
were a complete disaster, in my opinion. Value destructive, in my opin-
ion. (Australian Director)

Digitization is fundamentally transforming the knowledge required to con-
struct, maintain, and orchestrate linkages within big mining businesses 
and within the supply chain. Those that control this knowledge are likely 
to dominate the future of mining. One interviewee, a North American R&D 
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director, used the example of aircraft manufacturing to show how dominant 
businesses were active curators of an innovative industrial network.

You can look at integration as an internal system problem. But then to 
reap the real benefits you need to look at external integration, and that 
means risk allocation across the equipment supply chain. Let’s look at 
an aircraft manufacturer putting together a new model of aircraft, a new 
aircraft product. They do not generally go out with a prospectus to raise 
$5 billion to create this new aircraft, it is just routine business, and a lot 
of their suppliers pay to participate in consortia or in commercial teams 
that share the development risk. (North American R&D director)

To understand the potential trajectory of digital technology in mining and 
how it might influence innovation, we turn to two exemplar industries that 
share some similarities with the mining industry. From these cases we draw 
some conclusions on how digital technology might change the mining inno-
vation ecosystem.

1.5.1  Lessons from Digital Technology in Agriculture: 
Supply Chain and Value Chain Coordination

The agricultural industry has many parallels to the mining industry: being 
exposed to cyclical commodity prices, the variability of the inputs to down-
stream processing, complex four-dimensional (space and time) production 
systems, production cost pressures with a drive to produce yield and qual-
ity, and historically slow rates of adoption of innovation. Some sectors of 
the agricultural industry, particularly broad acre crops and viticulture have 
been undergoing a digital transformation since the 1980s, commencing with 
precision agriculture and evolving in recent times to big data. Productivity 
gains of between 5% and 35% have been reported for various crops with half 
coming from input efficiencies and half from increases in rates of production 
output (Watcharaanantapong et al. 2014; Keogh and Henry 2016; Castle et al. 
2016). These gains are similar to those suggested to be possible by the mining 
industry, with digitization enabling improved integration through architec-
tural innovation (McKee 2016; Mitchell et al. 2017).

Precision agriculture can be defined as the application of information tech-
nologies to improve the management of inputs, the quantity and quality of 
outputs, and profitability by enabling the right management strategy at the 
right place at the right time (Pierce and Nowak 1999; Sonka 2016). This preci-
sion agriculture is achieved by measuring key characteristics of the soil, crop 
quality, and quantity at high spatial-temporal resolutions across the lifecycle 
of production including pre-sowing, sowing, in-crop, and harvesting. The 
analogous approach in the mining industry would be measuring key charac-
teristics of the mineral deposit such as mineralogy, texture,  hardness, poten-
tial acid generation, acid consumption, and size distributions in addition to 
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the standard measures of grades (elemental content) at improved  resolutions, 
coupled with integrated planning across planning, production, and dis-
posal. Such an approach is currently rare due to the lack of sensors that can 
measure these inputs and the inability to analyse processes in real time with 
true integrated planning systems.

Studies of new technology and innovation within the agricultural sector 
indicate that usefulness and ease of use are important for adoption but with 
the caveat that there is not a significant increase in production cost, irre-
spective of improvements in revenue (Castle et al. 2016; Pierpaoli et al.  2013). 
An  additional factor is the perception of the risk in adopting the new 
 technologies (Marra et al. 2003). The perception is based on several factors 
including a producer’s existing practices and the uncertainty  surrounding 
the cost savings that will be achieved. A study of corn producers in the 
United States found that the advanced precision agricultural systems 
resulted in variable cost savings relative to the intermediate systems, 
although in some cases, the advanced systems can lead to increased  outputs 
and profits (Schimmelpfenning and Ebel 2016). This variability in outcomes 
is  typical for the application of new technology in complex production 
 systems. Exacerbating the situation is that for both the agricultural and min-
ing industry, significant difficulties exist in estimating the financial benefits 
associated with the adoption of digital innovation due to the predominance 
of static and conservative financial modelling tools such as discounted cash 
flow analysis which does not easily accommodate estimations of the value of 
innovation investments (Hayward et al. 2017).

Although it can be argued that big data has been used in precision agricul-
ture for many years, it is enhancing the ability to enabling learning, predic-
tion, and optimization of farm production not only at individual farm scale 
but also at district and regional level such as the American Midwest (Sonka 
2016; Wolfert et al. 2017). Open data platforms have been embraced in the 
United States which has resulted in ease of data transfer between businesses 
and software platforms. This result also led to new applications and services 
in data storage and management. However, big data can only reliably deliver 
long-term business advantage when fully integrated with traditional data 
management and governance processes (Wolfert et  al. 2017). The focus to 
date within the mining industry is primarily at the mine site level but a grad-
ual move to open data standards has gathered momentum over the past few 
years through bodies such as the Global Mining and Standards Guidelines 
Group (GMSG 2017).

The consensus in agriculture is that it will take 5–7  years from the 
 acquisition of relevant data (e.g., soil data, yield, weather, and other 
inputs) to demonstrate clear observable improvements in outcomes for 
the industry. This consensus reflects the time required to acquire data 
from sufficient seasons and develop useful and robust models, algo-
rithms, and analytics. Thus, the payback from the initial investment in 
digital technology is relatively long term and without adequate capital 
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can be a barrier to adoption. A similar time frame is likely for the mining 
industry across the integrated value chain but with some improvements 
likely in the short term for specific functions such as asset management 
and fleet maintenance.

The industrial networks in agribusiness exhibit a high degree of dyna-
mism with new players entering the industry and the incumbents assum-
ing different roles. New relationships have been formed among competing 
and collaborating firms, suppliers and customers, and stakeholders (Keogh 
and Henry 2016; Long et al. 2016; Wolfert et al. 2017). Two different scenarios 
appear to play out within agriculture value chains: (1) closed, proprietary 
systems in which the producer is part of a highly integrated food supply 
chain and (2) open, collaborative flexible systems (Wolfert et al. 2017). These 
scenarios are influenced by the architecture and infrastructure of big data 
solutions and the control of data. If these scenarios are valid in mining, 
then mining companies will need to change the way they work with their 
 supply chain and technology providers. Regardless of whether they build 
deep, long-term networks that are closed to competition or flexible, open, 
collaborative platforms, new business capabilities will be required that will 
challenge the current transactional lowest cost, lowest risk procurement 
models.

1.5.2  Lessons from Digital Technology in Aerospace: 
New Management Capabilities and Network Governance

Complex product systems (CoPS) are customized, one off or small batch 
capital goods which have large physical size, high investment costs, long 
life cycles, and engineering complexity with interconnected subsystems 
(Hobday 1998) such as power stations, airports, hospitals, and flight simula-
tors (Acha et al. 2004). Mining operations involve many forms of CoPS such 
as processing plants, railways, and ports. Arguably a mine is also a complex 
product system being a one-off design with high complexity and intercon-
nected subsystems, so comparisons with other CoPS industries are useful to 
understand the future of mining. Increasingly software and embedded intel-
ligence are being integrated into CoPS industries, which allows comparisons 
to be made with the digitization of mining.

The aerospace industry can be classified as a CoPS with large multi- 
organizational, multinational projects to create and build aerospace vehicles. 
In this section two contrasting cases of innovation in the aerospace indus-
try and parallels with the mining industry will be considered. Boeing’s 
Dreamliner was an innovative project, particularly in terms of aviation 
technology with new avionics and computing systems that had never been 
used on large commercial aircraft. It also was innovative in the coordination 
of its design and production by globally outsourcing a significant propor-
tion of design, engineering, manufacturing, and production along with new 
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risk-revenue arrangements with these suppliers. However, the project 
suffered significant delays and an overrun in development cost of 100%. 
This is not uncommon for larger CoPS projects, including mining projects 
(Merrow 2011; Flyvbjerg, 2015).

In an analysis of the project, Shenhar (2016) concluded that Boeing under-
estimated the level of complexity of the interdependencies between the 
technological innovations and the supplier network. Boeing treated the proj-
ect as having a low level of dynamics and socio-political complexity, as if 
things are quite stable and the international cultural environment is mostly 
homogeneous. Given the globally distributed nature of the project, this was 
far from the case; however, there is no generally accepted best practice for 
managing such projects. Traditional project and program management tools 
rarely deal with change and managing innovation within a project (Davies 
et al. 2015; Steen et al. 2017). As Boeing found, managing a transition to a 
new way of organizing production requiring different technologies and sup-
ply chains with a high level of international sub-system integration requires 
new management capabilities.

Airbus has been a successful player in the aerospace industry with a track 
record of innovation in a CoPS environment. Key to Airbus’ success was 
the development of a supply-chain organization model to maintain techni-
cal innovation (Kechidi 2013). Airbus evolved from an aircraft manufacturer 
to a technology system integrator. The stability of key partners in terms of 
the organizational model, while evolving and changing, resulted in a strong 
relationship where the suppliers evolved with Airbus. Although widespread, 
these partners were predominately located within Europe.

Airbus introduced technological innovation with each new aircraft which 
also shaped Airbus’ organizational model. The modularization of technol-
ogy at Airbus was based on subsystem components governed by subsystem 
integrator firms. This allowed Airbus to focus on managing the system and 
interacting with a smaller number of external firms. Generally, the mining 
industry has a very transactional and cost driven approach to its suppli-
ers. As with Airbus, a mining company’s governing role in the innovation 
ecosystem can shape the evolution of new technologies with suppliers. 
Developing strong stable relationships through a coordinated network with 
suppliers can accelerate and reduce risk in the innovation process in a CoPS 
environment.

Over the past 2 years, Airbus has undergone a more aggressive trans-
formation as it sees enhanced competition and a risk of being disrupted 
and so is adopting American style management and business practices. 
This transformation includes trying different approaches to innovation 
in technology and product development, a focus on sensors, digital 
design, and digital manufacturing. The jury is out on whether Airbus 
will make a successful transition to this new hyper-digital environment 
(Gelaine 2017).
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Looking at these two cases from industries that are more advanced in the 
adoption of digital technology yet similar to mining, we can see the impor-
tant implications for the future of established mining companies: 

 1. Digital technology can generate significant productivity gains but 
only if the technology enhances the coordination of production 
across the value chain and supply chain. Applying digital technol-
ogy to specific points in the value chain will have limited impact.

 2. Digitization and coordination of an integrated supply network 
requires new business and management capabilities.

 3. The accumulation of data and experience will take time. Digitizing 
a mining operation and creating a new industrial ecosystem around 
digital technology is a long-term project.

 4. Miners have an important role to play in shaping the new digital 
ecosystem. Rather than being passive buyers of technology and ser-
vices, they need to become system integrators to capture the value 
of innovation across the industrial network and consolidate their 
competitive position by leveraging the intellectual power of this 
network.

However, these changes are also potentially disruptive for the incumbent 
dominant businesses because they have the potential to change the nature 
of competitive advantage and tip bargaining power in favor of businesses 
that supply technology to the miners. In the next section, we consider how 
technological changes within the industry can transform the dynamics of 
competition.

1.6  The Digitization of Architectural Knowledge 
and the Impending Competition for Its Control

An outcome of digitization is the growing competition for control of architec-
tural knowledge within the mining innovation ecosystem. The architectural 
knowledge we have in mind is that which enables the skillful coordination 
of different components of the mining system (e.g., development, production, 
processing, and distribution) in an attempt to maintain an optimal system 
state. Traditionally, this knowledge was embedded in the people, systems, 
and tools controlled by mining companies or, more recently, IT service com-
panies. However, as the mining process becomes increasingly digitized and 
automated, traditional boundaries and roles are coming under pressure.

Digitization is happening at the level of the components and the 
 systems linking these components together. At the component level, the 
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functionality of mobile, heavy mining equipment has become critically 
dependent on software. Autonomous trucks, such as those developed by 
Komatsu and Caterpillar, provide insight into how knowledge boundaries 
are shifting at the component level. Traditionally, these firms would sell 
a mining company an asset. The mining company would then have its 
engineers and operators work to customize, tinker, hack, and otherwise 
innovate their way to improving the asset’s performance in use. In terms 
of engineering, this mainly required mechanical and electrical systems. 
However, as digital control systems become central to asset performance, 
knowledge of software is obviously required to continue improving 
performance.

What is less well understood is that the access to and jurisdiction over 
this knowledge is problematic for mining companies because the software 
in question is usually provided, maintained, and protected by the original 
equipment manufacturers (OEMs). For example, OEMs can use obfusca-
tion techniques to prevent miners from digitally upgrading or customizing 
the control system’s source code, and thus restrict their ability to improve 
or adapt the asset’s performance. Even if mining companies could access 
this code, OEMs claiming proprietary information can place licensing con-
ditions on purchasers that limit who can access and edit this code. We are 
not aware of controversy around this yet in the mining industry, but the 
“Right to Repair” debate in the United States provides an illustration of how 
restrictive such licensing agreements can be. For example, John Deere locks 
farmers into license agreements that forbid them from attempting to repair 
their own tractors by requiring that they channel repairs through manufac-
turers and authorized dealers (Solon 2017). Digitization makes it possible to 
quarantine islands of knowledge at the component-level within the mining 
system and shift control of these islands to OEMs.

At the same time as digital islands are being walled off from mining com-
panies, an influx of new entrants into the mining industry are seeking to 
build, codify, and control architectural knowledge at the level of the mining 
system. The abundance of digital data being produced within the mining 
system creates opportunities for firms such as IBM. These firms can draw 
on proprietary techniques to integrate, analyze, simulate, and predict mine 
production at the system level. It was with precisely this goal in mind that 
GE and South32 (2017) formed a 3-year strategic partnership in April 2017 in 
an attempt to leverage these techniques to drive performance improvements 
through better mine integration. These initiatives are likely to focus on both 
the codification of existing architectural knowledge and its  augmentation 
through new processes. In doing so, firms such as GE and IBM are taking 
an important step towards gaining access to the architectural knowledge 
required to run a mine site. It remains to be seen how much of this knowl-
edge they will end up controlling. However, similar to what we see playing 
out at the component level, a knowledge-based shift in the boundaries of the 
industry is currently underway.
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These changes leave mining companies vulnerably placed with the even-
tual ownership of mining’s architectural knowledge, and the margins that 
goes with it, in flux. It also asks interesting question regarding the nature 
of intellectual property and how it is secured. In the digital era, when min-
ing systems and their components are so dependent on software programs 
for their competitive advantage, who will own the proprietary systems for 
running them? And in an era awash with industrial espionage, how will 
these highly codified digital programs be protected from competitors? 
The mining company of the future may look very different from what it is 
now, and the term company may be replaced with alliance network where 
one integrated digital platform competes with others in a similar way that 
Android competes with iOS. One interviewee, a North American R&D 
director, was already considering the disruption of the large integrated 
mining company:

If we imagine a world in which a lot of the functionality of a mining 
system is delivered as a service instead of a product, then you’d be in 
a very different investment game with mining. It wouldn’t be a major 
sort of CAPEX driven operation, it would be an operational excellence 
driven operation, and that would change a lot of things. First of all it 
would probably make it unnecessary to have large mining compa-
nies, which may be one of the difficulties in persuading them to do it. 
(North American R&D director)

1.7 Conclusion

The mining industry currently has an idiosyncratic innovation ecosystem. 
It largely relies on importing innovation from suppliers and much of this 
innovation is embedded in improved processes so the innovation is fre-
quently overlooked. However, mining will need to become more innova-
tive to meet the inexorable challenges of rising costs, lower grade reserves 
in more difficult locations, and increased environmental and social scrutiny. 
Business as usual will not be an option.

Although the current short-term focus on the prospects for digital tech-
nology in mining revolves around cost reduction, we see a much broader 
impact of digital technologies as enablers of innovation such as simulation, 
modeling, real-time decision-making, and collaborative problem solving. 
Advanced automation will promote systemic solutions and improved effi-
ciency across mine-to-mill, including critical areas such as water and energy 
use, which have traditionally been impeded by cross-department integration 
challenges.
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Digital integration also will bring in suppliers as closer partners in mine 
performance as they use proprietary data collection and analysis methods to 
reveal ways to improve mining operations. As the challenges from energy 
costs, water, remote locations, and social license to operate escalate, mining 
companies will need to reinvent themselves to remain viable. This will mean 
a fundamental transformation away from large integrated mining compa-
nies to more agile networks of companies based on technology  platforms 
and data for competitive advantage.

However, this increasing reliance upon supply chain companies to manage 
data will shift the balance of competitive power towards powerful tech com-
panies like GE, IBM, and SAP. When Anglo American CEO, Mark Cutifani, 
foreshadowed at the 2013 World Mining Congress that innovative compa-
nies like GE might take over the mining industry, his words may prove to be 
prophetic rather than provocative.

References

Acha, V., Davies, A., Hobday, M., and Salter, A. 2004. Exploring the capital goods 
economy: Complex product systems in the UK. Industrial and Corporate Change 
14(3):505–529.

Caldwell, N., Roehrich, J., and Davies, A. 2009. Procuring complex performance in con-
struction: London Heathrow Terminal 5 and a Private Finance Initiative hospital. 
Journal of Purchasing and Supply Chain Management 15(3):178–186.

Castle, M.H., Lubben, B.D., Bradley, D., and Luck, J.D. 2016. Factors influencing 
the adoption of precision agriculture technologies by Nebraska producers, 
Presentations, Working Papers, and Gray Literature. Agricultural Economics 
Paper 49. http://digitalcommons.unl.edu/ageconworkpap/49.

Cohen, W., and Levinthal, D. 1990. Absorptive capacity: A new perspective on learn-
ing and innovation. Administrative Science Quarterly 35:128–152.

Davies, A., Macaulay, S., DeBarro, T., and Thurston, M. 2015. Making innovation 
happen in a megaproject: London’s crossrail suburban railway system. Project 
Management Journal 45(6):25–37.

Dodgson, M., Gann, D., and Salter, A. 2006. The role of technology in the shift 
towards open innovation: The case of Proctor & Gamble. R&D Management 
36(3):333–346.

Dodgson, M., Gann, D., and Salter, A. 2005. Think, Play, Do: Technology, Innovation, and 
Organization. Oxford: Oxford University Press.

Dodgson, M., Gann, D., and Salter, A. 2007. In case of fire, please use the elevator: 
Simulation technology and organization in fire engineering. Organization 
Science 18(5):849–864.

Dodgson, M., and Steen, J. 2008. New innovation models and Australia’s old economy. 
In Creating Wealth from Knowledge: Meeting the Innovation Challenge, J. Besant and 
T. Venables (Eds.), 105–124. Cheltenham, UK: Edward Elgar.

http://digitalcommons.unl.edu/ageconworkpap/49


24 Extracting Innovations

Edraki, M., Baumgartl, T., Manlapig, E., Bradshaw, D., Franks, D.M., and Moran, C.J. 
2014. Designing mine tailings for better environmental, social and economic out-
comes: A review of alternative approaches. Journal of Cleaner Production 84:411–420.

Eslake, S., and Walsh, M. 2011. Australia’s Productivity Challenge. Melbourne, Australia: 
Grattan Institute.

Flyvbjerg, B. 2015. What you should know about megaprojects and why. An over-
view. Project Management Journal 45(2):6–19.

Forsythe, P., Sankaran, S., and Biesenthal, C. 2015. How far can BIM reduce infor-
mation asymmetry in the Australian construction context? Project Management 
Journal 46(3):75–87.

Francis, E. 2015. The Australian Mining Industry: More Than Just Shovels and Being the 
Lucky Country. Canberra, Australia: IP Australia.

Gann, D., and Dodgson, M. 2008. Innovate with vision. Ingenia 36:45–59.
GE and South32. 2017. South32 and GE enter digital transformation  strategic partnership. 

https://www.south32.net/docs/default-source/media-releases/south32-and-
ge-enter-digital-transformation-strategic-partnership.pdf?sfvrsn=2bd6a0af_7.

Gelaine A. 2017. A critical look at Airbus’s push for disruption: In its bid for self-disrup-
tion, is Airbus going too far? Aviation Week & Space Technology, December 6, 2017, 1–3.

Hanson, D., Steen, J., and Liesch, P. 1997. Reluctance to innovate: A case study of the 
titanium dioxide industry. Prometheus 15(3):345–356.

Hayward, M., Caldwell, A., Steen, J. Liesch, P., and Gow, D. 2017. Entrepreneurs capi-
tal budgeting orientations and innovation outputs: Evidence from Australian 
biotechnology firms. Long Range Planning 50(2):121–133.

Henderson, R., and Clark, K. 1990. Architectural innovation: The reconfiguration of 
existing product technologies and the failure of established firms. Administrative 
Science Quarterly 35:9–30.

Hobday, M. 1998. Product complexity, innovation and industrial organization. 
Research Policy 26:689–710.

Hodge, R.A. 2014. Mining company performance and community conflict: Moving 
beyond a seeming paradox. Journal of Cleaner Production 84:27–33.

Kastelle, T., and Steen, J. 2011. Ideas are not innovations. Prometheus 29(1):39–50.
Kechidi, M. 2013. From “aircraft manufacturer” to “architect-integrator”: Airbus’s 

industrial organisational model. International Journal of Technology and 
Globalisation 7(2/3):8–22.

Kemp, D., and Owen, J.R., 2013. Community relations and mining: Core to business 
but not “core business.” Resources Policy 38:523–531.

Keogh, M., and Henry, M. 2016. The implications of digital agriculture and big data for 
Australian agriculture, research report. Sydney, Australia: Australian Farm Institute.

Kunz, N.C. 2013. Sustainable water management by coupling human and engi-
neered systems. PhD thesis. Sustainable Minerals Institute, The University of 
Queensland, St Lucia, Brisbane, Australia.

Kunz, N.C. 2016. Catchment-based water management in the mining industry: 
Challenges and solutions. The Extractive Industries and Society 3(4):972–977.

Kunz, N.C., Kastelle, T., and Moran, C.J. 2017. Social network analysis reveals that 
communication gaps may prevent effective water management in the mining 
sector. Journal of Cleaner Production 14:915–922.

Long, T. B., Blok, V., and Coninx, I. 2016. Barriers to the adoption and diffusion of tech-
nological innovations for climate-smart agriculture in Europe: Evidence from the 
Netherlands, France, Switzerland and Italy. Journal of Cleaner Production 112:9–21.

https://www.south32.net/docs/default-source/media-releases/south32-and-ge-enter-digital-transformation-strategic-partnership.pdf?sfvrsn=2bd6a0af_7
https://www.south32.net/docs/default-source/media-releases/south32-and-ge-enter-digital-transformation-strategic-partnership.pdf?sfvrsn=2bd6a0af_7


25Understanding the Innovation Ecosystem in Mining

Marra M., Pannell, D. J., and Ghadim, A.A. 2003. The economics of risk, uncertainty 
and learning in the adoption of new agricultural technologies: where are we on 
the learning curve? Agricultural Systems 75:215–234.

McKee, D., 2016. Understanding Mine to Mill. Canberra: The Cooperative Research 
Centre for Optimising Resource Extraction (CRC ORE). Brisbane, Australia.

Merrow, E.W. 2011. Industrial Megaprojects: Concepts, Strategies and Practices for Success. 
New York: John Wiley and Sons.

Mintzberg, H. 1981. Organization design: Fashion or fit? Harvard Business Review 
59:103–116.

Mitchell, P., Bradbrook, M., Higgins, L., Steen, J., Henderson, C., Kastelle, T., Moran, 
C.J., Macaulay, S., and Kunz, N.C. 2014. Productivity in Mining: Now comes the 
hard part, a global survey. Sydney, Australia: Ernst and Young.

Mitchell, P., and Steen, J. 2014. Productivity in mining: A case for broad transforma-
tion. Sydney, Australia: Ernst and Young.

Mitchell. P., Steen, J., Sartorio, A., Bolton, W., MacAaulay, S., Higgins, L., Kunz, N.C., 
Yameogo, T., Hoogedeure, W., and Jackson, J. 2017. How do you prepare for 
tomorrow’s mine today? Sydney, Australia: Ernst and Young.

Nadolski, S., Klein, B., Elmo, D., and Scoble, M. 2015. Cave-to-mill: A mine-to-mill 
approach for block cave mines. Mining Technology 124:47–55.

Pierce, F.J., and Nowak, P. 1999. Aspects of precision agriculture. Advances in 
Agronomy 67:1–86.

Pierpaoli, E., Carli, G., Pignatti, E., and Canavan, M. 2013. Drivers of precision 
agriculture technologies adoption: A literature review. Procedia Technology 
8:61–69.

Saefong, M. 2016. How a goldminer turned a $1 million investment into $3 billion. 
Market Watch.

Salter, A., Gann, G., and Dodgson, M. 2005. Think, Play, Do. Oxford, UK: Oxford 
University Press.

Schimmelpfenning D., and Ebel R. 2016. Sequential adoption and cost savings from 
precision agriculture. Journal of Agricultural and Resource Economics 41:97–115.

Schumpeter, J. 1912. The Theory of Economic Development. New Brunswick, NJ: 
Transaction Publishers. (Tenth printing, 2004.)

Scott-Kemis, D. 2013. How About those METS? Leveraging Australia’s Mining Equipment, 
Technology and Services Sector. Canberra: Minerals Council of Australia.

Shenhar, A. J., Holzmann, V., Melamed, B., and Zhao, Y. 2016. The challenge of inno-
vation in highly complex projects: What can we learn from Boeing’s Dreamliner 
experience? Project Management Journal 47(2):62–78.

Shook, A. 2015. Innovation in mining—Are we different? AusIMM Bulletin, April. 
https://www.ausimmbulletin.com/feature/innovation-in-mining/.

Solon, O. 2017. A right to repair: Why Nebraska farmers are taking on John Deere and Apple. 
London: The Guardian. https://www.theguardian.com/environment/2017/
mar/06/nebraska-farmers-right-to-repair-john-deere-apple.

Sonka, S.T. 2016. Big data: Fueling the next evolution of agricultural innovation. 
Journal of Innovation Management 4(1):114–136.

Steen, J., Ford, J., and Verreynne, M. 2017. Symbols, sublimes, solutions and 
 problems: A garbage can model of megaprojects. Project Management Journal 
48(6):117–131.

Syed, A., Graftan, Q., and Kalirajan, K. 2013. Productivity in the Australian Mining 
Sector. Canberra, Australia: BREE.

https://www.ausimmbulletin.com/feature/innovation-in-mining/
https://www.theguardian.com/environment/2017/mar/06/nebraska-farmers-right-to-repair-john-deere-apple
https://www.theguardian.com/environment/2017/mar/06/nebraska-farmers-right-to-repair-john-deere-apple


26 Extracting Innovations

Tilton, J., and Landsberg, H. 1997. Innovation, productivity growth and the sur-
vival of the US copper industry. Washington, DC: Resources for the Future 
Discussion paper, pp. 97–41.

Wolfert, A., Lan, G., Verdouw, C., and Bogaardt, M. 2017. Big data in smart farming: 
A review. Agricultural Systems 153:69–80.

Watcharaanantapong, P., Roberts, R. K., Lambert, D. M., Larson, J. A., Velandia, M., 
English B. C., Rejesus, R. M., and Wang, C. 2014. Timing of precision agri-
culture technology adoption in US cotton production. Precision Agriculture 
15:427–446.



Understanding the Innovation Ecosystem in Mining and What the
Digital Revolution Means for It 
Acha, V. , Davies, A. , Hobday, M. , and Salter, A. 2004. Exploring the capital goods economy:
Complex product systems in the UK. Industrial and Corporate Change 14(3):505–529. 
Caldwell, N. , Roehrich, J. , and Davies, A. 2009. Procuring complex performance in
construction: London Heathrow Terminal 5 and a Private Finance Initiative hospital. Journal of
Purchasing and Supply Chain Management 15(3):178–186. 
Castle, M.H. , Lubben, B.D. , Bradley, D. , and Luck, J.D. 2016. Factors influencing the
adoption of precision agriculture technologies by Nebraska producers, Presentations, Working
Papers, and Gray Literature. Agricultural Economics Paper 49.
http://digitalcommons.unl.edu/ageconworkpap/49. 
Cohen, W. , and Levinthal, D. 1990. Absorptive capacity: A new perspective on learning and
innovation. Administrative Science Quarterly 35:128–152. 
Davies, A. , Macaulay, S. , DeBarro, T. , and Thurston, M. 2015. Making innovation happen in a
megaproject: London’s crossrail suburban railway system. Project Management Journal
45(6):25–37. 
Dodgson, M. , Gann, D. , and Salter, A. 2006. The role of technology in the shift towards open
innovation: The case of Proctor & Gamble. R&D Management 36(3):333–346. 
Dodgson, M. , Gann, D. , and Salter, A. 2005. Think, Play, Do: Technology, Innovation, and
Organization. Oxford: Oxford University Press. 
Dodgson, M. , Gann, D. , and Salter, A. 2007. In case of fire, please use the elevator:
Simulation technology and organization in fire engineering. Organization Science
18(5):849–864. 
Dodgson, M. , and Steen, J. 2008. New innovation models and Australia’s old economy. In
Creating Wealth from Knowledge: Meeting the Innovation Challenge, J. Besant and T.
Venables (Eds.), 105–124. Cheltenham, UK: Edward Elgar. 
Edraki, M. , Baumgartl, T. , Manlapig, E. , Bradshaw, D. , Franks, D.M. , and Moran, C.J. 2014.
Designing mine tailings for better environmental, social and economic outcomes: A review of
alternative approaches. Journal of Cleaner Production 84:411–420. 
Eslake, S. , and Walsh, M. 2011. Australia’s Productivity Challenge. Melbourne, Australia:
Grattan Institute. 
Flyvbjerg, B. 2015. What you should know about megaprojects and why. An overview. Project
Management Journal 45(2):6–19. 
Forsythe, P. , Sankaran, S. , and Biesenthal, C. 2015. How far can BIM reduce information
asymmetry in the Australian construction context? Project Management Journal 46(3):75–87. 
Francis, E. 2015. The Australian Mining Industry: More Than Just Shovels and Being the Lucky
Country. Canberra, Australia: IP Australia. 
Gann, D. , and Dodgson, M. 2008. Innovate with vision. Ingenia 36:45–59. 
GE and South32 . 2017. South32 and GE enter digital transformation strategic partnership.
https://www.south32.net/docs/default-source/media-releases/south32-and-ge-enter-digital-
transformation-strategic-partnership.pdf?sfvrsn=2bd6a0af_7. 
Gelaine A. 2017. A critical look at Airbus’s push for disruption: In its bid for self-disruption, is
Airbus going too far? Aviation Week & Space Technology, December 6, 2017, 1–3. 
Hanson, D. , Steen, J. , and Liesch, P. 1997. Reluctance to innovate: A case study of the
titanium dioxide industry. Prometheus 15(3):345–356. 
Hayward, M. , Caldwell, A. , Steen, J. Liesch, P. , and Gow, D. 2017. Entrepreneurs capital
budgeting orientations and innovation outputs: Evidence from Australian biotechnology firms.
Long Range Planning 50(2):121–133. 
Henderson, R. , and Clark, K. 1990. Architectural innovation: The reconfiguration of existing
product technologies and the failure of established firms. Administrative Science Quarterly
35:9–30. 
Hobday, M. 1998. Product complexity, innovation and industrial organization. Research Policy
26:689–710. 
Hodge, R.A. 2014. Mining company performance and community conflict: Moving beyond a
seeming paradox. Journal of Cleaner Production 84:27–33. 
Kastelle, T. , and Steen, J. 2011. Ideas are not innovations. Prometheus 29(1):39–50. 
Kechidi, M. 2013. From “aircraft manufacturer” to “architect-integrator”: Airbus’s industrial
organisational model. International Journal of Technology and Globalisation 7(2/3):8–22.



Kemp, D. , and Owen, J.R. , 2013. Community relations and mining: Core to business but not
“core business.” Resources Policy 38:523–531. 
Keogh, M. , and Henry, M. 2016. The implications of digital agriculture and big data for
Australian agriculture, research report. Sydney, Australia: Australian Farm Institute. 
Kunz, N.C. 2013. Sustainable water management by coupling human and engineered systems.
PhD thesis. Sustainable Minerals Institute, The University of Queensland, St Lucia, Brisbane,
Australia. 
Kunz, N.C. 2016. Catchment-based water management in the mining industry: Challenges and
solutions. The Extractive Industries and Society 3(4):972–977. 
Kunz, N.C. , Kastelle, T. , and Moran, C.J. 2017. Social network analysis reveals that
communication gaps may prevent effective water management in the mining sector. Journal of
Cleaner Production 14:915–922. 
Long, T. B. , Blok, V. , and Coninx, I. 2016. Barriers to the adoption and diffusion of
technological innovations for climate-smart agriculture in Europe: Evidence from the
Netherlands, France, Switzerland and Italy. Journal of Cleaner Production 112:9–21. 
Marra M. , Pannell, D. J. , and Ghadim, A.A. 2003. The economics of risk, uncertainty and
learning in the adoption of new agricultural technologies: where are we on the learning curve?
Agricultural Systems 75:215–234. 
McKee, D. , 2016. Understanding Mine to Mill. Canberra: The Cooperative Research Centre for
Optimising Resource Extraction (CRC ORE). Brisbane, Australia. 
Merrow, E.W. 2011. Industrial Megaprojects: Concepts, Strategies and Practices for Success.
New York: John Wiley and Sons. 
Mintzberg, H. 1981. Organization design: Fashion or fit? Harvard Business Review 59:103–116. 
Mitchell, P. , Bradbrook, M. , Higgins, L. , Steen, J. , Henderson, C. , Kastelle, T. , Moran, C.J. ,
Macaulay, S. , and Kunz, N.C. 2014. Productivity in Mining: Now comes the hard part, a global
survey. Sydney, Australia: Ernst and Young. 
Mitchell, P. , and Steen, J. 2014. Productivity in mining: A case for broad transformation.
Sydney, Australia: Ernst and Young. 
Mitchell. P. , Steen, J. , Sartorio, A. , Bolton, W. , MacAaulay, S. , Higgins, L. , Kunz, N.C. ,
Yameogo, T. , Hoogedeure, W. , and Jackson, J. 2017. How do you prepare for tomorrow’s
mine today? Sydney, Australia: Ernst and Young. 
Nadolski, S. , Klein, B. , Elmo, D. , and Scoble, M. 2015. Cave-to-mill: A mine-to-mill approach
for block cave mines. Mining Technology 124:47–55. 
Pierce, F.J. , and Nowak, P. 1999. Aspects of precision agriculture. Advances in Agronomy
67:1–86. 
Pierpaoli, E. , Carli, G. , Pignatti, E. , and Canavan, M. 2013. Drivers of precision agriculture
technologies adoption: A literature review. Procedia Technology 8:61–69. 
Saefong, M. 2016. How a goldminer turned a $1 million investment into $3 billion. Market
Watch. 
Salter, A. , Gann, G. , and Dodgson, M. 2005. Think, Play, Do. Oxford, UK: Oxford University
Press. 
Schimmelpfenning D. , and Ebel R. 2016. Sequential adoption and cost savings from precision
agriculture. Journal of Agricultural and Resource Economics 41:97–115. 
Schumpeter, J. 1912. The Theory of Economic Development. New Brunswick, NJ: Transaction
Publishers. (Tenth printing, 2004.) 
Scott-Kemis, D. 2013. How About those METS? Leveraging Australia’s Mining Equipment,
Technology and Services Sector. Canberra: Minerals Council of Australia. 
Shenhar, A. J. , Holzmann, V. , Melamed, B. , and Zhao, Y. 2016. The challenge of innovation
in highly complex projects: What can we learn from Boeing’s Dreamliner experience? Project
Management Journal 47(2):62–78. 
Shook, A. 2015. Innovation in mining—Are we different? AusIMM Bulletin, April.
https://www.ausimmbulletin.com/feature/innovation-in-mining/. 
Solon, O. 2017. A right to repair: Why Nebraska farmers are taking on John Deere and Apple.
London: The Guardian. https://www.theguardian.com/environment/2017/mar/06/nebraska-
farmers-right-to-repair-john-deere-apple. 
Sonka, S.T. 2016. Big data: Fueling the next evolution of agricultural innovation. Journal of
Innovation Management 4(1):114–136.



Steen, J. , Ford, J. , and Verreynne, M. 2017. Symbols, sublimes, solutions and problems: A
garbage can model of megaprojects. Project Management Journal 48(6):117–131. 
Syed, A. , Graftan, Q. , and Kalirajan, K. 2013. Productivity in the Australian Mining Sector.
Canberra, Australia: BREE. 
Tilton, J. , and Landsberg, H. 1997. Innovation, productivity growth and the survival of the US
copper industry. Washington, DC: Resources for the Future Discussion paper, pp. 97–41. 
Wolfert, A. , Lan, G. , Verdouw, C. , and Bogaardt, M. 2017. Big data in smart farming: A
review. Agricultural Systems 153:69–80. 
Watcharaanantapong, P. , Roberts, R. K. , Lambert, D. M. , Larson, J. A. , Velandia, M. ,
English B. C. , Rejesus, R. M. , and Wang, C. 2014. Timing of precision agriculture technology
adoption in US cotton production. Precision Agriculture 15:427–446. 

 
Mining Innovation: Barriers and Imperatives 
G. Stanway , METS strategy development, Final report (Detailed), GoVCI, 2016. 
S. Biswas , The Age of Innovators, Address to the Melbourne Mining Club, 2017
http://www.melbourneminingclub.com/wp.content/uploads/2016/11/Presentation_Sandeep_Bis
was_Newest_9-Feb-2017.pdf. 
G. Calvo , Decreasing ore grades in global metallic mining: A theoretical issue or a global
reality, Resources, 5(4): 36, 2016. 
H. Durrant-Whyte , R. Geraghty , F. Pujol and R. Sells , How digital innovation can improve
mining productivity, (Online). Available: http://www.mckinsey.com/industries/metals-and-
mining/our-insights/how-digital-innovation-can-improve-mining-productivity. Accessed Feb 2017
. 
DPI Mining, The Development Partner Institute For Mining—A Call To Action, 2016. Online.
Available: http://www.dpimining.org/wp-content/uploads/2017/02/20170212-DPI-Overview-
Booklet.pdf. Accessed Feb 2017 . 
M. Hollitt , Innovation and growth—Keeping pace in a virtuous cycle, in International Mineral
Processing Congress, New Delhi, India, 2012. 
A. Shook , Innovation in mining—Are we different?, AusIMM Bulletin Magazine, April 2015. 
M. Baghai , S. Coley and D. White , The Alchemy of Growth: Practical Insights for Building the
Enduring Enterprise, Perseus Books, Cambridge, MA, 2000. 
R. Batterham , The mine of the future—Even more sustainable, Minerals Engineering, 107: 2–7,
2016. 

 
How Innovation and Research & Development Happen in the Upstream
Oil and Gas Industry: Insights from a Global Survey
                          * 
Acha, V. (2002). Framing the Past and Future: The Development and Deployment of
Technological Capabilities by the Oil Majors in the Upstream Petroleum Industry. PhD
dissertation, Science and Technology Policy Research Unit (SPRU). Brighton, UK: University of
Sussex. 
Acha, V. , and Cusmano, L. (2005). Governance and coordination of distributed innovation
processes: Patterns of R&D cooperation in the upstream petroleum industry. Economics of
Innovation and New Technology 14(1–2):1–21. 
Acha, V. , and Finch, J. (2003). Paths to deepwater in the international petroleum industry.
Paper presented at the DRUID Summer Conference, June 12–14, 2003. Copenhagen,
Denmark: Theme B--Knowledge Transfer Within and Between Firms. 
Afuah, A. (1998). Innovation Management: Strategies, Implementation, and Profits. New York:
Oxford University Press. 
Amuzegar, J. (1997). Iran’s economy and the U.S. sanctions. The Middle East Journal
51(2):185–199.



Anderson, R. (2000). Technical innovation: An E&P business perspective. The Leading Edge
19(6):632–635. 
Anderson, S. , and Newell, R. (2004). Prospects for carbon capture and storage technologies.
Annual Review of Environment and Resources 29:109–142. 
Archibugi, D. (1992). Patenting as an indicator of technological innovation: A review. Science
and Public Policy 19(6):357–368. 
Armstrong, J. S. , and Overton, T. S. (1977). Estimating nonresponse bias in mail surveys.
Journal of Marketing Research 14:396–402. 
Artigas, G. , Ramadan, Z. J. , El-Fouty, I. , Bahgat, A. , and Degrange, J.-M. (2012). Sourceless
formation evaluation reduces HSE risks. E&P 85(12):84–86. 
Barlow, J. (2000). Innovation and learning in complex offshore construction projects. Research
Policy 29(7):973–989. 
Bastian, B. L. (2009). Technological innovation strategy in natural resource based industries.
PhD dissertation submitted to the, École Polytechnique Fédérale de Lausanne, Lausanne,
Switzerland. 
Bastian, B. L. , and Tucci, C. (2010). An empirical investigation on the effects of political risk on
technology strategies of firms. Paper presented at the DRUID Summer Conference. London,
UK: Imperial College Business School, June 16–18, 2010 
Bohi, D. R. (1998). Changing productivity in U.S. petroleum exploration and development.
Discussion Paper no. 98–38. Washington, DC: Resources for the Future. 
Bower, D. J. , and Young, A. (1995). Influences on technology strategy in the UK oil- and gas-
related industry network. Technology Analysis & Strategic Management 7(4):407–415. 
Bozdogan, K. , Deyst, J. , Hoult, D. , and Lucas, M. (1998). Architectural innovation in product
development through early supplier integration. R&D Management 28(3):163–173. 
British Petroleum . (2012). BP Statistical Review of World Energy, June 2012 . Retrieved from
http://bp.com/statisticalreview. 
Bullis, K. 2009. Petroleum’s long good-bye. Technology Review, 112(6):60–61. 
Burgelman, R. A. , Christensen, C. M. , and Wheelwright, S. C. 2004. Strategic Management of
Technology and Innovation—International Edition. 4th ed. Singapore: McGraw-Hill. 
Chapman, K. , MacKinnon, D. , and Cumbers, A. (2004). Adjustment or renewal in regional
clusters? A study of diversification amongst SMEs in the aberdeen oil complex. Transactions of
the Institute of British Geographers 29(3):382–396. 
Chazan, G. 2013. Cutting-edge technology plays key role for repsol in hunt for oil. Financial
Times (May 5). Retrieved on May 6, 2013 from http://www.ft.com/intl/cms/s/0/a20c0066-b420-
11e2-b5a5-00144feabdc0.html#axzz2SSDP6umg (accessed May 6, 2013 ). 
Chesbrough, H. W. (2003a). The era of open innovation. MIT Sloan Management Review
44:35–41. 
Chesbrough, H. W. 2003b. The governance and performance of xerox’s technology spin-off
companies. Research Policy 32(3):403–421. 
Chesbrough, H. W. 2003c. Open Innovation: The New Imperative for Creating and Profiting
from Technology. Cambridge, MA: Harvard Business School Publishing. 
Cibin, R. , and Grant, R. M. 1996. Restructuring among the world’s leading oil companies,
1980–1992. British Journal of Management 7(4):283–307. 
Coll, S. 2012. Private Empire: ExxonMobil and American Power. New York: Penguin Press. 
Cook, L. 2007. Six unvarnished truths: China and the global energy challenge. World Energy
10(3):74–76. 
Crabtree, E. A. , Bower, D. J. , and Keogh, W. 2000. Manufacturing strategies of small
technology-based firms in the UK oil industry. International Journal of Manufacturing
Technology and Management 1(4/5):455–463. 
Crump, J. G. 1997. Strategic alliances fit pattern of industry innovation. Oil & Gas Journal
95(13):59–63. 
Cumbers, A. 2000. Globalization, local economic development and the branch plant region: The
case of the aberdeen oil complex. Regional Studies 34(4):371–382. 
Cumbers, A. , and Martin, S. 2001. Changing relationships between multinational companies
and their host regions? A case study of aberdeen and the international oil industry. Scottish
Geographic Journal 117(1):31–48. 
Cumbers, A. , MacKinnon, D. , and Chapman, K. 2003. Innovation, collaboration, and learning
in regional clusters: A study of SMEs in the aberdeen oil complex. Environment and Planning A



35(9):1689–1706. 
Daneshy, A. 2003a. Dynamics of innovation in the upstream oil and gas industry (Guest
Editorial). Journal of Petroleum Technology 55(November):16–18. 
Daneshy, A. 2003b. Evolution of technology in the upstream oil and gas industry. Journal of
Petroleum Technology 55(May):14–16. 
Daneshy, A. , and Donnelly, J. 2004. A JPT roundtable: The funding and uptake of new
upstream technology. Journal of Petroleum Technology 56(6): 28–30. 
Daneshy, A. , and Shook, M. 2004. Issues stifle technology adoption. E&P (February): 11–12. 
Dantas, E. , and Bell, M. 2009. Latecomer firms and the emergence and development of
knowledge networks: The case of petrobras in Brazil. Research Policy 38(5):829–844. 
Dantas, E. , and Bell, M. 2011. The co-evolution of firm-centered knowledge networks and
capabilities in late industrializing countries: The case of petrobras in the offshore oil innovation
system in Brazil. World Development 39(9):1570–1591. 
Dennis, R. , Jones, T. , and Roodhart, L. 2012. Technology foresight: The evolution of the shell
game changer technology futures program. In Sustaining Innovation: Collaboration Models for a
Complex World (Eds.) S. P. MacGregor and T. Carleton , pp. 153–165). New York: Springer. 
Dillman, D. A. 1978. Mail and Telephone Surveys: The Total Design Method. New York: John
Wiley & Sons. 
Dillman, D. A. 2000. Mail and Internet Surveys: The Tailored Design Method. (nd ed. New York:
John Wiley & Sons. 
Donnelly, J. 2006. Q&A: Rick fontova, senior vice president, enventure global technology.
Journal of Petroleum Technology 58(11):20–23. 
Economides, M. , and Oligney, R. 2000. The Color of Oil: The History, the Money, and the
Politics of the World’s Biggest Business. Katy, TX: Round Oak Publishing Company. 
The Economist . 2012. Oilfield services: The unsung masters of the oil industry. The Economist
404:51–52. 
Elliott, A. R. 2011. Cracking Energy’s Puzzle Dig Deep: George Mitchell’s Fracking Lifted the
Industry. Los Angeles, CA: Investor’s Business Daily, November 7, p. A05. 
Enos, J. L. 1958. A measure of the rate of technological progress in the petroleum refining
industry. The Journal of Industrial Economics 6(3):180–197. 
Enos, J. L. 1962. Invention and innovation in the petroleum refining industry. In The Rate and
Direction of Inventive Activity: Economic and Social Factors, (Ed.) National Bureau of Economic
Research, pp. 299–322. Princeton, NJPrinceton University Press. 
Enos, J. L. 2002. Technical Progress and Profits: Process Improvements in Petroleum Refining.
New York: Oxford University Press. 
Fagerberg, J. , Mowery, D. C. , and Verspagen, B. (2009). The evolution of norway’s national
innovation system. Science and Public Policy 36(6):431–444. 
Feldman, M. P. 2010. The Geography of Innovation. Dordrecht, the Netherlands: Kluwer
Academic Publishers. 
Fifarek, B. J. , and Veloso, F. M. 2010. Offshoring and the global geography of innovation.
Journal of Economic Geography 10(4):559–578. 
Fine, C. H. 1998. Clockspeed: Winning Industry Control in the Age of Temporary Advantage.
Reading, MA: Perseus Books. 
Fischer, P. A. 2007. Editorial comment: History lessons. World Oil 228(4):11. 
Flournoy, A. C. 2011. Three meta-lessons government and industry should learn from the BP
deepwater horizon disaster and why they will not. Boston College Environmental Affairs Law
Review 38:281–303. 
Fortune . 2012. Global 500: The world’s largest corporations. Fortune (Asia-Pacific edition)
166(2):F1–F11. 
Frynas, J. G. 2003. Royal Dutch/Shell. New Political Economy 8(2):275–285. 
Furtado, A. 1997. The french system of innovation in the oil industry some lessons about the
role of public policies and sectoral patterns of technological change in innovation networking.
Research Policy 25(8):1243–1259. 
Gibbins, J. , and Chalmers, H. 2008. Carbon capture and storage. Energy Policy
36(12):4317–4322. 
Gilbert, C. 2003. The disruption opportunity. MIT Sloan Management Review 44:27–32. 
Goldstein, A. 2009. New multinationals from emerging Asia: The case of national oil companies.
Asian Development Review 26(2):26–56.



Grant, R. M. 2003. Strategic planning in a turbulent environment: Evidence from the oil majors.
Strategic Management Journal 24(6):491–517. 
Grant, R. M. , and Cibin, R. 1996. Strategy, structure and market turbulence: The international
oil majors, 1970–1991. Scandinavian Journal of Management 12(2):165–188. 
Hagedoorn, J. , and Cloodt, M. 2003. Measuring innovative performance: Is there an advantage
in using multiple indicators? Research Policy 32(8):1365–1379. 
Hansen, M. T. , and Birkinshaw, J. 2007. The innovation value chain. Harvard Business Review
85(6):121–130. 
Hatakenaka, S. , Westnes, P. , Gjelsvik, M. , and Lester, R. K. 2006. From “Black Gold” to
“Human Gold”: A comparative case study of the transition from a resource-based to a
knowledge economy in Stavanger and Aberdeen. Report no. MIT-IPC-06-004. Cambridge, MA:
Massachusetts Institute of Technology Industrial Performance Center. 
Hatakenaka, S. , Westnes, P. , Gjelsvik, M. , and Lester, R. 2011. The regional dynamics of
innovation: A comparative study of oil and gas industry development in stavanger and
aberdeen. International Journal of Innovation and Regional Development 3(3/4): 305–323. 
Helfat, C. E. 1994a. Evolutionary trajectories in petroleum firm R&D. Management Science
40(12):1720–1747. 
Helfat, C. E. 1994b. Firm-specificity in corporate applied R&D. Organization Science
5(2):173–184. 
Helfat, C. E. 1997. Know-how and asset complementarity and dynamic capability accumulation:
The case of R&D. Strategic Management Journal 18(5):339–360. 
Henni, A. 2013. The middle east’s flourishing technology hubs. Journal of Petroleum
Technology 65(6):60–63. 
Hinton, D. D. 2010. Introduction. Business History Review 84(2):195–201. 
Hinton, D. D. 2012. The seventeen-year overnight wonder: George mitchell and unlocking the
Barnett Shale. Journal of American History 99(1):229–235. 
Hofmeister, J. 2010. Why We Hate the Oil Companies. New York: Palgrave MacMillan. 
Holloway, S. 2005. Underground sequestration of carbon dioxide—A viable greenhouse gas
mitigation option. Energy 30(11/12):2318–2333. 
Howarth, S. , and Jonker, J. 2007. Powering the Hydrocarbon Revolution, 1939–1973: A
History of Royal Dutch Shell. Vol. 2. Oxford, UK: Oxford University Press. 
Jacobson, M. 2008. Sanctions against iran: A promising struggle. The Washington Quarterly
31(3):69–88. 
Jaffe, A. M. , and Soligo, R. 2007. The International Oil Companies. Houston, TX: The James
A. Baker III Institute for Public Policy, Rice University. 
Kulkarni, P. 2011. Organizing for innovation. World Oil 232(3):69–71. 
Kumpe, T. , and Bolwijn, P. T. 1988. Manufacturing: The new case for vertical integration.
Harvard Business Review 66 (March–April): 75–81. 
Lashinsky, A. 2010. There will be oil. Fortune 161(5):86–94. 
Laursen, K. , and Salter, A. 2005. Open for innovation: The role of openness in explaining
innovation performance among U.K. manufacturing firms. Strategic Management Journal
27(2):131–150. 
Leifer, R. , McDermott, C. M. , Colarelli O’Connor, G. , Peters, L. S. , Rice, M. , and Veryzer, R.
W. 2000. Radical Innovation: How Mature Companies Can Outsmart Upstarts. Boston, MA:
Harvard Business School Press. 
Leonard-Barton, D. 1995. Wellsprings of Knowledge: Building and Sustaining the Sources of
Innovation. Boston, MA: Harvard Business School Press. 
Lindner, J. R. , Murphy, T. H. , and Briers, G. E. 2001. Handling nonresponse in social science
research. Journal of Agricultural Education 42(4):43–53. 
Longwell, H. J. 2002. The future of the oil and gas industry: Past approaches, new challenges.
World Energy 5(3):100–104. 
Lord, R. 2007. Technological breakthroughs advanced upstream E&P’s evolution. Journal of
Petroleum Technology 59(10):111–116. 
MacKinnon, D. , Chapman, K. , and Cumbers, A. 2004. Networking, trust and embeddedness
amongst SMEs in the aberdeen oil complex. Entrepreneurship & Regional Development
16(2):87–106. 
Managi, S. , Opaluch, J. J. , Jin, D. , and Grigalunas, T. A. 2004. Technological change and
depletion in offshore oil & gas. Journal of Environmental Economics and Management



47(2):388–409. 
Managi, S. , Opaluch, J. J. , Jin, D. , and Grigalunas, T. A. 2005a. Environmental regulations
and technological change in the offshore oil and gas industry. Land Economics 81(2):303–319. 
Managi, S. , Opaluch, J. J. , Jin, D. , and Grigalunas, T. A. 2005b. Technological change and
petroleum exploration in the Gulf of Mexico. Energy Policy 33(5):619–632. 
Manders, A. J. C. , and Brenner, Y. S. 1995. “Make or Buy”: The potential subversion of
corporate strategy—The case of philips. International Journal of Social Economics 22(4):4–11. 
Martin, J.-M. 1996. Energy technologies: Systemic aspects, technological trajectories, and
institutional frameworks. Technological Forecasting and Social Change 53(1):81–95. 
McDermott, C. M. 1999. Managing radical product development in large manufacturing firms: A
longitudinal study. Journal of Operations Management 17(6):631–644. 
Miller, L. E. , and Smith, K. L. 1983. Handling nonresponse issues. Journal of Extension
21(5):45–50. 
Mirvis, P. H. 2000. Transformation at shell: Commerce and citizenship. Business and Society
Review 105(1):63–84. 
Mitchell, J. , Marcel, V. , and Mitchell, B. 2012. What Next for the Oil and Gas Industry?
London, UK: Chatham House. 
Moncada-Paternò-Castello, P. , Ciupagea, C. , Smith, K. , Tübke, A. , and Tubbs, M. 2010.
Does Europe perform too little corporate R&D? A comparison of EU and Non-EU corporate
R&D performance. Research Policy 39(4):523–536. 
National Petroleum Council . 2007. Facing the hard truths about energy: A comprehensive view
to 2030 of global oil and natural gas. Washington, DC: National Petroleum Council. 
Ollinger, M. 1994. The limits of growth of the multidivisional firm: A case study of the U.S. oil
industry from 1930–1990. Strategic Management Journal 15(7):503–520. 
Parshall, J. 2011. Shell: Leadership built on innovation and technology. Journal of Petroleum
Technology 63(1):32–38. 
Paté-Cornell, M. E. 1993. Learning from the piper alpha accident: A postmortem analysis of
technical and organizational factors. Risk Analysis 13(2):215–232. 
Paul, D. L. 2007. Technology to meet the challenge of future energy supplies. Journal of
Petroleum Technology 59(10):153–155. 
Perrons, R. K. 2013. Assessing the damage caused by Deepwater Horizon: Not just another
Exxon Valdez. Marine Pollution Bulletin 71(1/2):20–22. 
Perrons, R. K. , and Watts, L. 2008. The selfish technology gene (Guest Editorial). Journal of
Petroleum Technology 60(4):20–22. 
PFC Energy . 2013. PFC Energy 50. Washington, DC: PFC Energy. 
Plater, Z. J. B. 2011. The Exxon Valdez resurfaces in the Gulf of Mexico… and the hazards of
“Megasystem centripetal di-polarity”. Boston College Environmental Affairs Law Review
38:391–416. 
Podsakoff, P. M. , MacKenzie, S. B. , Lee, J.-Y. , and Podsakoff, N. P. 2003. Common method
biases in behavioral research: A critical review of the literature and recommended remedies.
Journal of Applied Psychology 88(5):879–903. 
Priest, T. 2007. The Offshore Imperative: Shell Oil’s Search for Petroleum in Post-War America.
College Station, TX: Texas A&M University Press. 
Quinn, J. B. , and Hilmer, F. G. 1994. Strategic outsourcing. Sloan Management Review
35(Summer):43–55. 
Ramírez, R. , Roodhart, L. , and Manders, W. 2011. How shell’s domains link innovation and
strategy. Long Range Planning 44(4):250–270. 
Rao, V. , and Rodriguez, R. 2005. Accelerating technology acceptance: Hypotheses and
remedies for risk-averse behavior in technology acceptance. Paper presented at the Society of
Petroleum Engineers (SPE) Annual Technical Conference and Exhibition, Dallas, TX. 
Rassenfoss, S. 2013. Seismic unwired: Going wireless in difficult terrain. Journal of Petroleum
Technology 65(3):57–59. 
Rigby, D. , and Zook, C. 2002. Open-market innovation. Harvard Business Review 80
(October):5–12. 
Sampson, A. 1975. The Seven Sisters: The Great Oil Companies and the World They Shaped.
New York: Bantam Books. 
Schilling, M. A. 2010. Strategic Management of Technological Innovation. 3rd ed. New York:
McGraw-Hill.



Selden, Z. 1999. Economic Sanctions as Instruments of American Foreign Policy. Westport,
CT: Praeger Publishers. 
Shah, C. M. , Zegveld, M. A. , and Roodhart, L. 2008. Designing ventures that work. Research-
Technology Management 51(2):17–25. 
Sharma, A. K. 2005. Technology Collaboration Between Competitive Firms in the Upstream Oil
Industry: The Effect of Operational Control on Collaborative Behavior. Cleveland, OH:
Executive Doctor of Management Program, Case Western Reserve University. 
Silvestre, B. D. S. , and Dalcol, P. R. T. 2009. Geographical proximity and innovation:
Evidences from the campos basin oil & gas industrial agglomeration--Brazil. Technovation
29(8):546–561. 
Silvestre, B. D. S. , and Dalcol, P. R. T. 2010. Innovation in natural resource-based industrial
clusters: A study of the brazilian oil and gas sector. International Journal of Management
27(3):713–727. 
Sluyterman, K. 2007. Keeping Competitive in Turbulent Markets, 1973–2007: A History of Royal
Dutch Shell (Vol. 3). Oxford, UK: Oxford University Press. 
Sluyterman, K. 2010. Royal dutch shell: Company strategies for dealing with environmental
issues. Business History Review 84(2):203–226. 
Steen, J. , Ford, J. , Curtin, R. , Farrell, B. , and Naicker, S. 2013. Delivering a Step Change in
Organisational Productivity: Findings from the Australian Oil & Gas Productivity and Innovation
Survey. Brisbane, Australia: University of Queensland Business School, the University of
Queensland Centre for Coal Seam Gas, and Ernst & Young for the Australian Petroleum
Production and Exploration Association. 
Stuart, T. , and Sorenson, O. 2003. The geography of opportunity: Spatial heterogeneity in
founding rates and the performance of biotechnology firms. Research Policy 32(2):229–253. 
Thuriaux-Alemán, B. , Salisbury, S. , and Dutto, P. R. 2010. R&D investment trends and the rise
of NOCs. Journal of Petroleum Technology 62(10):30–32. 
Tidd, J. , Bessant, J. , and Pavitt, K. 2001. Managing Innovation: Integrating Technological,
Market, and Organizational Change. 2nd ed. Chichester, West Sussex: John Wiley & Sons. 
Tillerson, R. 2006. The high-tech reality of oil. Newsweek (“Issues 2007” Special
Edition):54–55. 
Urstadt, B. 2006. The oil frontier. Technology Review 109(3):44–51. 
Vaaland, T. I. , Soneye, A. S. O. , and Owusu, R. A. 2012. Local content and struggling
suppliers: A network analysis of nigerian oil and gas industry. African Journal of Business
Management 6(15):5399–5413. 
Verloop, J. 2006. The shell way to innovate. International Journal of Technology Management
34(3/4):243–259. 
von Tunzelmann, N. , and Acha, V. 2006. Innovation in “Low-Tech” industries. In The Oxford
Handbook of Innovation, J. Fagerberg , D. C. Mowery , and R. R. Nelson (Eds.), 407–432).
Oxford, UK: Oxford University Press. 
Weijermars, R. 2009. Accelerating the three dimensions of E&P clockspeed—A novel strategy
for optimizing utility in the oil & gas industry. Applied Energy 86(10):2222–2243. 
Wilkins, M. 1975. The oil companies in perspective. Daedalus 104(4):159–178. 
World Economic Forum . 2008. Energy Vision Update 2008. Geneva, Switzerland: World
Economic Forum. 
Yergin, D. 1991. The Prize: The Epic Quest for Oil, Money, and Power. New York: Touchstone. 
Yergin, D. 2009. It’s still the one. Foreign Policy 19(September–October): 89–95. 
Yergin, D. 2011. The Quest: Energy, Security, and the Remaking of the Modern World. New
York: Penguin Press. 
Yin, R. K. 1994. Case Study Research: Design and Methods. 2nd ed. Thousand Oaks, CA:
Sage Publications. 

 



Digital Mining: Past, Present, and Future 
Australia’s Commonwealth Scientific and Industrial Research Organisation (CSIRO) ,
https://www.csiro.au/en/About/We-are-CSIRO. Web. Accessed January 1, 2000 . 
CSIRO Renewables and Energy , https://www.csiro.au/en/Research/Energy. Web. Accessed
July 21, 2014 . 
Brune, J. F. , (Ed.). Extracting the Science—A Century of Mining Research, Society for Mining,
Metallurgy and Exploration, Denver, CO, 2010, 544 p. 
World Coal Association . Web. https://www.worldcoal.org. Accessed July 2016 . 
Mitchell, G. W. Longwall mining, Chapter 15, in Australasian Coal Mining Practice, 3rd ed., R. J.
Kininmonth , E. Y. Baafi (Eds.), Carlton, Victoria, Australasian Institute of Mining and
Metallurgy, Monograph series, no. 12, 2009, pp. 340–375. 
ACIL Allen Consulting, CSIRO’s Impact and Value: An Independent Assessment, ACIL Allen
Consulting, 2014. Accessed online
http://www.acilallen.com.au/cms_files/ACILAllen_CSIROAssessment_2014.pdf. 
Ralston, J. C. , Reid, D. C. , Dunn, M. T. and Hainsworth, D. W. Longwall automation:
Delivering enabling technology to achieve safer and more productive underground mining,
International Journal of Mining Science and Technology (IJMST), 25(6): 865–876, November
2015 
Peng, S. S. Longwall Mining, 2nd ed., Society for Mining, Metallurgy, and Exploration, Inc.
(SME), 2006, 621p. 
Johnston, R. , McIvor, A. , Miner’s Lung: A History of Dust Disease in British Coal Mining,
Ashgate Publishing, Aldershot, UK, 2007, 374p. 
Searle-Barnes, R. G. Pay and Productivity Bargaining: A Study of the Effect of National Wage
Agreements in the Nottinghamshire Coalfield. Manchester University Press, Manchester, UK,
1969, 190p. 
Cross, M. Coal has a future, New Scientist, pp. 12–16. Reed Business Information, London
England, 1984. 
Perkin, R. M. G. MINOS: Systems Reliability and Reusable Software, Case Studies, National
Coal Board, London, UK, 1983. 
Berzonsky, B. E. , Breuil, F. , and Yinglin, J. C. Evaluation of computer-based mine monitoring
and control at barnes and tucker mine 20, IEEE Transactions on Industry Applications,
IA–21(5): 1121–1126, September 1985. 
Mackie, K. Design and development of longwall shearers for overseas application, in
Underground Mining Methods and Technology, Advances in Mining Science and Technology,
pp. 169–188, Vol 1. A.B. Szwilski , M.J. Richards (Eds.). Elsevier Science Publishers B. V.,
Amsterdam, the Netherlands, 1987. 
NASA Technical Memorandum, Longwall Shearer Guidance and Control—Final Report,
DOE/NASA TM-82466, January 1982. 
Hainsworth, D. W. , Reid, D. C. Mining Machine and Method, Australian Patent PQ7131 and US
Patent, May 12, 2000. 
LASC Longwall Automation Steering Committee . http://Lascautomation.org. Web. Accessed
February 20, 2015 . 
Peng, S. S. Longwall mining in the US: Where do we go from here?, Mining Engineering 37:3
(March 1985): 232–234. 
US Department of the Interior , Bureau of Mines, Mechanized Longwall Mining. A Review
Emphasising Foreign Technology. Information Circular 8740, Washington, DC 1977. 
US Department of the Interior, Bureau of Mines, Longwall automation . A Ground Control
Perspective. Information Circular 9244, Washington, DC 1990. 
Reid, D. C. , Hainsworth, D. W. , McPhee, R. J. Lateral guidance of highwall mining machinery
using inertial navigation, Proceedings of the 4th International Symposium on Mine
Mechanisation and Automation, 1997, pp. B6–1-B610 (Brisbane). 
Shen, B. and Fama, M. Review of highwall mining experience in Australian and a case study,
Australian Geomechanics 36: 25–32, 2001. 
Applied Mining Technologies , http://www.appliedminingtech.com. Web. Accessed December
2014 . 
Reid, D. C. , Hainsworth, D. W. , Ralston, J. C. , McPhee, R. J. Shearer Guidance: A Major
Advance in Longwall Mining, in Field and Service Robotics: Recent Advances in Research and
Applications, pp. 469–476, Springer, Berlin, Heidelberg, 2006.



Kelly, M. , Hainsworth, D. W. , Reid, D. C. , Lever, P. , Gurgenci, H. Longwall automation—a
new approach, 3rd International Symposium, Aachen, German June 11–12, 2003. 15p. 
Reid, D. C. , Hainsworth, D. W. , Ralston, J. C. , McPhee, R. J. Shearer Guidance: A Major
Advance in Longwall Mining, in Field and Service Robotics: Recent Advances in Research and
Applications, 2006. 
Gibson, G. Towards an integrated roadway development system, Australian, Longwall
Conference 2015, Hunter Valley, New South Wales, Sydney, October, 2015. 
Ralston, J. C. , Hargrave, C. O. , Dunn, M. T. Longwall Automation: Trends, Challenges and
Opportunities in 9th International Symposium on Green Mining, November 28–30, Wollongong,
Australia, 2016. 
Endsley, M. R. , Kaber, D. B. Level of automation effects on performance, situation awareness
and workload in a dynamic control task, Ergonomics 1999, 42(3): 462–449. 
CSIRO Mining Equipment, Technology and Services Roadmap . Web.
https://www.csiro.au/en/Do-business/Futures/Reports/METS-Roadmap. Accessed May 2017 . 
Digital Transformation Initiative: Mining and Metals Industry Report . World Economic Forum.
Web. http://reports.weforum.org/digital-transformation/. Accessed January 2017 . 
Technology Hype Cycle for Emerging Technologies 2016. Web. http://www.gartner.com/.
Accessed February 2017 . 
Ralston, J. C. , Strange, A. D. 3D robotic imaging of coal seams using ground penetrating radar
technology, 16th International Conference on Ground Penetrating Radar (GPR), 2016, June
13–16, 2016, Hong Kong, China. 
Industrial Internet Reference Architecture Web. http://www.iiconsortium.org/IIRA.htm. Accessed
March 2017 . 
Guardian Mentor Remote Web. https://research.csiro.au/robotics/gmr/. Accessed March 2017 . 
Rovost, F. , and Fawcett, T. Data Science for Business. O’Reilly Media, Sebastopol, CA (2013). 

 
The Case for “n << all”: Why the Big Data Revolution Will Probably
Happen Differently in the Mining Sector
                          1 
Annavarapu, S. , Kemeny, J. , & Dessureault, S. (2012). Joint spacing distributions from
oriented core data. International Journal of Rock Mechanics & Mining Sciences, 52, 40–45. 
Bascur, O. A. , & Linares, R. (2006). Grade recovery optimization using data unification and real
time gross error detection. Minerals Engineering, 19(6), 696–702. 
Beckwith, R. (2011). Managing big data: Cloud computing and co-location centers. Journal of
Petroleum Technology, 63(10), 42–45. 
Benghanem, M. (2010). A low cost wireless data acquisition system for weather station
monitoring. Renewable Energy, 35(4), 862–872. 
Chen, H. , Chiang, R. H. L. , & Storey, V. C. (2012). Business intelligence and analytics: From
big data to big impact. MIS Quarterly, 36(4), 1165–1188. 
Cooper, D. R. , & Emory, C. W. (1995). Business research methods (5th ed.). Chicago, IL:
Irwin. 
Crassidis, J. L. (2006). Sigma-point kalman filtering for integrated GPS and inertial navigation.
IEEE TRansactions on Aerospace and Electronic Systems, 42(2), 750–756. 
Davenport, T. H. , Barth, P. , & Bean, R. (2012). How “Big Data” is different. MIT Sloan
Management Review, 54(1), 22–24. 
Dessureault, S. (2007). Abandoning current faulty budgeting process through information
technology and systems re-engineering. Mining Technology: Transactions of the Institutions of
Mining and Metallurgy–Section A, 116(3), 129–138. 
Dowling, A. P. (2004). Development of nanotechnologies. Materials Today, 7(12), 30–35. 
Frankel, F. , & Reid, R. (2008). Distilling meaning from data. Nature, 455(7209), 30. 
Groves, W. , Kecojevic, V. , & Komljenovic, D. (2007). Analysis of fatalities and injuries
involving mining equipment. Journal of Safety Research, 38(4), 461–470. 
Harford, T. (2014). Big data: Are we making a big mistake? Financial Times, March 28 issue.
Retrieved on March 31, 2014 from http://www.ft.com/intl/cms/s/2/21a6e7d8-b479-11e3-a09a-



00144feabdc0.html#axzz2xV4TdTmn. 
Howe, D. , Costanzo, M. , Fey, P. , Gojobori, T. , Hannick, L. , Hide, W. ,… Rhee, S. Y. (2008).
Big data: The future of biocuration. Nature, 455(7209), 47–50. 
Jahedsaravani, A. , Marhaban, M. H. , & Massinaei, M. (2014). Prediction of the metallurgical
performances of a batch flotation system by image analysis and neural networks. Minerals
Engineering, 69, 137–145. 
Khorram, S. , Koch, F. H. , van der Wiele, C. F. , & Nelson, S. A. C. (2012). Remote sensing.
New York, NY: Springer. 
Kluger, J. (2014). Finding a second earth. Time, 183(1), 30–32. 
Kotey, B. , & Rolfe, J. (2014). Demographic and economic impact of mining on remote
communities in Australia. Resources Policy, 42, 65–72. 
Leahey, C. (2013). The NFL’s plan to tackle big data. Fortune (Asia-Pacific edition), 168(9), 9. 
Levin, R. I. (1987). Statistics for management. Englewood Cliffs, NJ: Prentice-Hall. 
Lohr, S. (2012a). The age of big data. New York Times, February 11 issue. Printed on p. SR1
of the New York edition of the newspaper. Retrieved on May 19, 2014 from
http://www.nytimes.com/2012/02/12/sunday-review/big-datas-impact-in-the-world.html. 
Lohr, S. (2012b). How big data became so big. New York Times, August 11 issue. Also
published on p. BU3 of the August 12 issue of the New York Edition with the headline “Amid the
Flood, a Catchphrase is Born”. Retrieved on May 19, 2014 from
http://www.nytimes.com/2012/08/12/business/how-big-data-became-so-big-unboxed.html. 
Lynch, C. (2008). How do your data grow? Nature, 455(7209), 28–29. 
Mayer-Schönberger, V. , & Cukier, K. (2013). Big data: A revolution that will transform how we
live, work and think. London, UK: John Murray Publishers. 
McAfee, A. , & Brynjolfsson, E. (2012). Big data: The management revolution. Harvard
Business Review, 90(10), 60–68. 
Mednis, A. , Strazdins, G. , Zviedris, R. , Kanonirs, G. , & Selavo, L. (2011, June). Real Time
Pothole Detection Using Android Smartphones with Accelerometers. Paper presented at the
2011 International Conference on Distributed Computing in Sensor Systems and Workshops
(DCOSS), Barcelona, Spain. 
Mehta, S. N. (2013). Where brains meet brawn. Fortune (Asia-Pacific edition), 168(7), 34. 
Perrons, R. K. , & Jensen, J. W. (2015). Data as an asset: What the oil and gas sector can
learn from other industries about “Big Data”. Energy Policy, 81, 117–121. 
Regalado, A. (2014). Data and decision making. MIT Technology Review, 117(2), 61–63. 
Rovig, A. D. , & McArthur, C. K. (1998). Innovation and its management: Some perspectives
from the gold industry. In M. C. Kuhn (Ed.), Managing innovation in the minerals industry (pp.
37–52). Littleton, CO: Society for Mining, Metallurgy, and Exploration. 
Santos, B. R. , Porter, W. L. , & Mayton, A. G. (2010). An analysis of injuries to Haul Truck
Operators in the U.S. Mining Industry. Paper presented at the proceedings of the Human
Factors and Ergonomics Society Annual Meeting, Santa Monica, CA. 
Shvachko, K. , Kuang, H. , Radia, S. , & Chansler, R. (2010). The Hadoop Distributed File
System. Paper presented at the IEEE Conference on Mass Storage Systems and
Technologies, May 3–7, 2010, Incline Village, NV. 
van der Veen, M. , Spitzer, R. , Green, A. G. , & Wild, P. (2001). Design and application of a
towed land-streamer system for cost-effective 2-D and pseudo-3-D shallow seismic data
acquisition. Geophysics, 66(2), 482–500. 
White, J. W. (1998). Managing innovation from the perspective of a supplier. In M. C. Kuhn
(Ed.), Managing innovation in the minerals industry (pp. 15–27). Littleton, CO: Society for
Mining, Metallurgy, and Exploration. 
Wilson, J. , & Hume, N. (2013). Efficiency is the quarry as BHP billiton digs deep into its data.
Financial Times, October 22 issue. Retrieved from http://www.ft.com/intl/cms/s/0/5940335c-
3a58-11e3-9243-00144feab7de.html#axzz3M21hziOF. 
Wu, L. , Barker, R. J. , Kim, M. A. , & Ross, K. A. (2013). Navigating big data with high-
throughput, energy-efficient data partitioning. ACM SIGARCH Computer Architecture News,
41(3), 249–260. 
Zhu, X. (2005). Cost-constrained data acquisition for intelligent data preparation. IEEE
Transactions on Knowledge and Data Engineering, 17(11), 1542–1556. 



Advancement in Digital Oil Field Technology: Maximizing Production
and Improving Operational Efficiency through Data-Driven
Technologies 
Baaziz, A. , & Luc Quoniam . 2014. How to use big data technologies to optimize operations in
upstream petroleum industry. Paper presented at the 21st World Petroleum Congress, Moscow,
Russia. 
Choudhry, H. , A. Mohammad , K. Tee Tan , and R. Ward . 2016. The next frontier for digital
technologies in the oil and gas sector. McKinsey and Company.
http://www.mckinsey.com/industries/oil-and-gas/our-insights/the-next-frontier-for-digital-
technologies-in-oil-and-gas. 
Head, B. 2016. Woodside retains corporate memory using cognitive computing- Interview with
Woodside’s Shaun Gregory. Australian Finance Review Magazine, August. 
IBM . 2015. Santos saving millions with a predictive asset monitoring and alert system.
http://www-01.ibm.com/common/ssi/cgi-
bin/ssialias?subtype=AB&infotype=PM&htmlfid=ASC12379USEN&attachment=ASC12379USE
N.PDF. 
Miklovic, D. 2017. Oil and gas operational excellence enabled IIoT.
https://www.ge.com/digital/blog/oil-gas-operational-excellence-enabled-iiot. 
Mohan, R. 2016. Approach towards establishing unified petroleum data analytics environment
enabling data driven operations. Paper Presented at the Annual SPE Technical Conference
and Exhibition, Dubai, United Arab Emirates. 
Morgan, T. 2015. Future 2025: Internet of things and the upstream oil and gas industry.
http://www.pidx.org/wp-content/uploads/2015/10/9_T-Morgan.pdf. 
Moriarty, R. , K. O’Connell , N. Smit , A. Noronha , and J. Barbier . 2015. A new reality for oil &
gas: Complex market dynamics create urgent need for digital transformation.
https://www.cisco.com/c/dam/en/us/solutions/collateral/industry-solutions/oil-gas-digital-
transformation.pdf. 
Payette, G , D. Pais , B. Spivey , and L. Wang . 2015. Mitigating drilling dysfunctions with a
drilling advisory system. Paper presented at the International Petroleum Technology
Conference, Doha, Qatar. 
Schneider Electric . 2016. Industrial internet of things (IIoT) impact on the oil & gas industry
value chain. https://www.schneider-electric.com/en/download/document/998-2095-10-13-
16AR0_EN/. 
World Economic Forum . 2017. Digital transformation initiative—Oil and gas industry.
http://reports.weforum.org/digital-transformation/wp-content/blogs.dir/94/mp/files/pages/files/dti-
oil-and-gas-industry-white-paper.pdf. 

 
A Statistical Framework for Data-Driven Assessment of Unconventional
Oil and Gas Resources 
Aitchison, J. , and J. A. C. Brown . 1957. The Lognormal Distribution with Special Reference to
Its Uses in Economics. London, UK: Cambridge University Press. 
Andreatta, G. , G. M. Kaufman , R. G. McCrossan , and R. M. Procter . 1988. The shape of
Lloydminster oil and gas deposit attribute data. In Qualitative Analysis of Mineral and Energy
Resources, C. F. Chung , A. G. Fabbri , and R. Sinding-Larsen (Eds.), pp. 411–431. New York:
Springer. 
Arps, J. , and T. Roberts . 1958. Economics of drilling for Cretaceous oil and gas on the east
flank of the Denver-Julesberg Basin. American Association of Petroleum Geologists Bulletin
42(11):2549–2566. 
Attanasi, E. D. , and L. J. Drew . 1985. Lognormal field size distributions as a consequence of
economic truncation. Mathematical Geology 17(4):335–351. 
Blackwood, L. G. 1992. The lognormal distribution, environmental data, and radiological
monitoring. Environmental Monitoring and Assessment 21:193–210. 
Bowker, K. A. 2007. Barnett Shale gas production, Fort Worth Basin: Issues and discussion.
AAPG Bulletin 91(4):523–533.



Breyer, J. A. 2012. Shale Reservoirs. In Shale Reservoirs—Giant Resources for the 21st
Century, J. A. Breyer (Ed.), pp. x–xii. Tulsa, OK: American Association of Petroleum Geologists. 
Chambers, J. M. , W. S. Cleveland , B. Kleiner , and P. A. Tukey . 1983. Graphical Methods For
Data Analysis. Boston, MA: Wadsorth International Group and Duxbury Press. 
Charpentier, R. R. , and T. A. Cook . 2013. Variability of oil and gas well productivities for
continuous (unconventional) petroleum accumulations. Washington, DC: U.S. Geological
Survey. 
Cook, T. , and D. Van Wagener . 2014. Improving well productivity based modeling with the
incorporation of geologic dependencies. Washington, DC: U.S. Energy Information
Administration. 
Cressie, N. 1990. The origins of kriging. Mathematical Geology 22(3):239–252. 
Crooks, E. 2014. U.S. Shale: What lies beneath. Financial Times, August 26, 2014. http://ig-
legacy.ft.com/content/e178031e-2cf4-11e4-8105-00144feabdc0#axzz5291 cRiOu. 
Cully, M. , N. Thomas , and D. Whitelaw . 2016. Factors influencing Australia’s gas supply and
demand. Canberra, Australia: Office of the Chief Economist, Deptartment of Industry,
Innovation, and Science, Australia. 
Curtis, M. E. , C. H. Sondergeld , R. J. Ambrose , and C. S. Rai . 2012. Microstructural
investigation of gas shales in two and three dimensions using nanometer-scale resolution
imaging. AAPG Bulletin 96(4):665–677. 
Dake, L. P. 1983. Fundamentals of Reservoir Engineering. New York: Elsevier. 
Deutch, J. 2011. The good news about gas-The natural gas revolution and its consequences.
Foreign Affairs 90:82. 
Dong, Z. , S. A. Holditch , D. A. McVay , W. B. Ayers , W. J. Lee , and E. Morales . 2015.
Probabilistic assessment of world recoverable shale-gas resources. SPE Economics and
Management 7(2):72–82. 
Drew, L. J. , and J. C. Griffith . 1965. Size, shape and arrangement of some oilfields in the USA.
Symposium on Computer Applications in the Mineral Industries. 
EIA . 2014. Annual Energy Outlook 2014 with projections to 2040.
https://www.eia.gov/outlooks/archive/aeo14/. 
Forbes, B. , J. Ehlert , and H. Wilczynski . 2009. The Flexible Factory: The Next Step in
Unconventional Gas Development. Sugar Land, TX: Schlumberger Business Consulting. 
Hale, B. W. , and W. M. Cobb . 2010. Barnett Shale: A resource play-locally random and
regionally complex. In Proceedings of the Society of Petroleum Engineers Eastern Regional
Meeting 2010, pp. 217–230. Richardson, TX: Society of Petroleum Engineers. 
Hall, R. , R. Bertram , G. Gonzenbach , J. Gouveia , B. Hale , P. Lupardus , P. McDonald , N.
Meehan , B. Vail , and M. Watson . 2010. Guidelines for the Practical Evaluation of
Undeveloped Reserves in Resource Plays. Richardson, TX: Society of Petroleum Engineers. 
Hammes, U. , H. S. Hamlin , and T. E. Ewing . 2011. Geologic analysis of the Upper Jurassic
Haynesville Shale in East Texas and West Louisiana. AAPG Bulletin 95(10):1643–1666. 
Harrell, D. R. 2017. Musings of a Seasoned Petroleum Reserves Evaluator about Improving the
Reliability of Our Reserves Estimates from Unconventional Reservoirs. Houston, TX: 7th
Reserves Estimation: Unconventionals. 
Haskett, W. J. , and P. J. Brown . 2011. Recurrent issues in the evaluation of unconventional
resources. American Association of Petroleum Geologists Search and Discovery 40674:12–15. 
Ikonnikova, S. , J. Browning , S. Horvath , and S. Tinker . 2014. Well recovery, drainage area,
and future drill-well inventory: Empirical study of the Barnett Shale gas play. Reservoir
Evaluation and Engineering 17(4):484–496. 
Inman, M. 2014. The fracking fallacy. Nature 516(7529):28–30. 
Joskow, P. L. 2013. Natural gas: From shortages to abundance in the United States. The
American Economic Review 103(3):338–343. 
Kaufman, G. M. 1963. Statistical Decision and Related Techniques in Oil and Gas Exploration.
Upper Saddle River, NJ: Prentice-Hall. 
Kaufman, G. M. 1993. Statistical issues in the assessment of undiscovered oil and gas
resources. The Energy Journal 14(1):183–215. 
Kaufman, G. M. , Y. Balcer , and D. Kruyt . 1975. A probabilistic model of oil and gas discovery.
In Methods of Estimating the Volume of Undiscovered Oil and Gas Resources, pp. 113–142.
Tulsa, OK: American Association of Petroleum Geologists



Krige, D. G. 1951. A statistical approach to some basic mine valuation problems on the
Witwatersrand. Journal of the Chemical, Metallurgical and Mining Society of South Africa
52(6):119–139. 
Krige, D. G. 1960. One the departure of ore value distributions from the lognormal model in
South African gold mines. Journal of the South African Institute of Mining and Metallurgy
61(4):231–244. 
Krige, D. G. 1966. A study of gold and uranium distribution patterns in the Klerksdorp gold field.
Geoexploration 4:43–53. 
Lee, J. , and R. Sidle . 2010. Gas-reserve estimation in resource plays. SPE Economics
Management 2:86–91. 
Limpert, E. , W. A. Stahel , and M. Abbt . 2001. Log-normal distributions across the sciences:
Keys and clues. BioScience 51(5):341–352. 
McGlade, C. , J. Speirs , and S. Sorrell . 2013. Methods of estimating shale gas
resources—Comparison, evaluation and implications. Energy 59:116–125. 
Montgomery, J. B. 2015. Characterizing shale gas and tight oil drilling and production
performance variability. Master of Science Thesis, MIT. 
Montgomery, J. B. , and F. M. O’Sullivan . 2017. Spatial variability of tight oil well productivity
and the impact of technology. Applied Energy 195:344–355. 
Montgomery, S. L. , D. M. Jarvie , K. A. Bowker , and R. M. Pollastro . 2005. Mississippian
Barnett Shale, Fort Worth Basin, North-Central Texas: Gas-shale play with multi–trillion cubic
foot potential. AAPG Bulletin 89(2):155–175. 
Mustafiz, S. , and M. R. Islam . 2008. State-of-the-art petroleum reservoir simulation. Petroleum
Science and Technology 26(10–11):130–329. 
Prensky, S. E. 1994. A survey of recent developments and emerging technology in well logging
and rock characterization. The Log Analyst 35(2):15–45. 
Rose, P. R. 2001b. Risk Analysis and Management of Petroleum Exploration Ventures. Tulsa,
OK: American Association of Petroleum Geologists. 
Rose, P. R. 2001a. Risk Analysis and Management of Petroleum Exploration Ventures,
Methods in Exploration. Tulsa, OK: American Association of Petroleum Geologists. 
Schuenemeyer, J. H. , and L. J. Drew . 1983. A procedure to estimate the parent population of
the size of oil and gas fields as revealed by a study of economic truncation. Mathematical
Geology 15(1):145–161. 
Sonnenberg, S. A. 2011. TOC and pyrolysis data for the Bakken Shales, Williston Basin, North
Dakota and Montana. In The Bakken-Three Forks Petroleum System in the Williston Basin, R.
Mountain (Ed.), pp. 308–331. Denver, CO: Association of Geologists. 
Sornette, D. 2006. Critical Phenomena in Natural Sciences: Chaos, Fractals, Selforganization
and Disorder: Concepts and Tools. 2nd ed. New York: Springer. 
Strickland, R. , D. Purvis , and T. Blasingame . 2011. Practical aspects of reserves
determinations for shale gas. Paper presented at the Society of Petroleum Engineers North
American Unconventional Gas Conference and Exhibition. Woodlands, TX. 
Suslick, S. B. , and D. J. Schiozer . 2004. Risk analysis applied to petroleum exploration and
production: An overview. Journal of Petroleum Science and Engineering 44(1–2):1–9. 
U.S. Energy Information Administration (EIA) . 2011. Review of Emerging Resources: U.S.
Shale Gas and Shale Oil Plays. Washington, DC: U.S. Department of Energy. 
U.S. Geological Survey (USGS) . 2004. Assessment of Undiscovered Oil and Gas Resources
of the Bend Arch-Fort Worth Basin Province of North-Central Texas and Southwestern
Oklahoma, 2003. Washington, DC: U.S. Department of the Interior. 
USGS . 2011a. Assessment of Undiscovered Oil and Gas Resources in Jurassic and
Cretaceous Strata of the Gulf Coast, 2010. Washington, DC: U.S. Department of Interior. 
USGS . 2011b. Assessment of Undiscovered Oil and Gas Resources of the Devonian
Marcellus Shale of the Appalachian Basin Province, 2011. Washington, DC: U.S. Department of
Interior. 
USGS . 2013. Assessment of Undiscovered Oil Resources in the Bakken and Three Forks
Formations, Williston Basin Province, Montana, North Dakota, and South Dakota, 2013.
Washington, DC: U.S. Department of Interior. 
Webster, R. L. 1987. Petroleum source rocks and stratigraphy of the Bakken Formation in North
Dakota. In The Rocky Mountain Association of Geologists Guidebook, Williston Basin, Anatomy
of a Cratonic Oil Province. Denver, CO: Rocky Mountain Association of Geologists.



Application of Advanced Data Analytics to Improve Haul Trucks Energy
Efficiency in Surface Mines 
Allison, B. , A. Shamim , M. Caitlin , and P. Pha . 2016. Australian Energy Update 2016.
Canberra, Australia: Office of the chief economist, Department of Industry Innovation and
Science. 
Beigmoradi, S. , H. Hajabdollahi , and A. Ramezani . 2014. Multi-objective aeroacoustic
optimisation of rear end in a simplified car model by using hybrid robust parameter design,
artificial neural networks and genetic algorithm methods. Computers and Fluids 90:123–132. 
Davenport, T. H. , J. G. Harris , and R. Morison . 2010. Analytics at Work: Smarter Decisions,
Better Results. Vol. 3. New York: Harvard Business Press, p. 93. 
DOE . 2012. Mining Industry Energy Bandwidth Study. Washington, DC: Department of Energy,
USA Government. 
EEO . 2010. Energy-Mass Balance: Mining. Canberra, Australia: Australian Government,
Department of Resources Energy and Tourism. 
EEO . 2012. First Opportunities in Depth: The Mining Industry. Canberra, Australia: Australian
Government, Department of Resources Energy and Tourism. 
Hammond, A. 2012. Development artificial neural network model to study the influence of
oxidation process and zinc electroplating on fatigue life of grey cast iron. International Journal of
Mechanical and Mechatronics Engineering 12(5):128–136. 
Holland, J. H. 1975. Adaptation in Natural and Artificial Systems: An Introductory Analysis with
Applications to Biology, Control, and Artificial Intelligence. Vol. 2. Washington, DC: University of
Michigan Press, pp. 183–195. 
Rodriguez, J. A. , Y. El Hamzaoui , J. A. Hernandez , J. C. García , J. E. Flores , and A. L.
Tejeda . 2013. The use of the artificial neural network (ANN) for modelling the useful life of the
failure assessment in blades of steam turbines. Engineering Failure Analysis 35:562–575. 
Selvakumar, S. , K. P. Arulshri , and K. P. Padmanaban . 2013. Machining fixture layout
optimisation using a genetic algorithm and artificial neural network. International Journal of
Manufacturing Research 8(2):171–195. 
Singh, A. , and A. Rossi . 2013. A genetic algorithm based exact approach for lifetime
maximisation of directional sensor networks. Ad Hoc Networks 11(3):1006–1021. 
Sivanandam, S. N. , and S. N. Deepa . 2008. Introduction to Genetic Algorithms. Vol. 3. New
Delhi, India: Springer, p. 453. 
Soleimani, H. , M. Seyyed-Esfahani , and M. A. Shirazi . 2013. Designing and planning a multi-
echelon multi-period multi-product closed-loop supply chain utilising genetic algorithm. The
International Journal of Advanced Manufacturing Technology 68(1–4):917–931. 
Soofastaei, A. , S. M. Aminossadati , M. M. Arefi , and M. S. Kizil . 2016. Development of a
multi-layer perceptron artificial neural network model to determine haul trucks energy
consumption. International Journal of Mining Science and Technology 26(2):285–293. 
Soofastaei, A. , S. M. Aminossadati , M. S. Kizil , and P. Knights . 2016. Reducing fuel
consumption of haul trucks in surface mines using genetic algorithm. Applied Soft Computing. 
Soofastaei, A. , and J. Davis . 2016. Advanced data analytic: A new competitive advantage to
increase energy efficiency in surface mines. Australian Resources and Investment 1(1):68–69. 
Stanković, L. J. , V. Popović-Bugarin , and F. Radenović . 2013. Genetic algorithm for rigid body
reconstruction after micro-Doppler removal in the radar imaging analysis. Signal Processing
93(7):1921–1932. 
Tian, J. , M. Gao , and Y. Li . 2013. Urban logistics demand forecasting based on regression
support vector machine optimised by chaos genetic algorithm. Advances in Information
Sciences and Service Sciences 5(7):471–478. 
Whitley, D. , T. Starkweather , and C. Bogart . 1990. Genetic algorithms and neural networks:
Optimising connections and connectivity. Parallel Computing 14(3):347–361. 
Xing, H. , and R. Qu . 2013. A nondominated sorting genetic algorithm for bi-objective network
coding based multicast routeing problems. Information Sciences 233(3):36–53. 
Yousefi, T. , A. Karami , E. Rezaei , and E. Ghanbari . 2013. Optimisation of the free convection
from a vertical array of isothermal horizontal elliptic cylinders via a genetic algorithm. Journal of
Engineering Physics and Thermophysics 86(2):424–430. 



Vignette: Innovations in Deep Seabed Mining 
Bainton, N. A. 2010. The Lihir Destiny: Cultural Responses to Mining in Melanesia. Asia-Pacific
Environment Monograph; 5. Canberra, Australia: ANU E Press. 
Borowski, C. , and H. Thiel . 1998. Deep-sea macrofaunal impacts of a large-scale physical
disturbance experiment in the southeast pacific. Deep-Sea Research Part II 45(1): 55–81. 
Cullwick, J. 2016. The Buala declaration. Vanuatu Daily Post. 
Filer, C. , and J. Gabriel . 2016. How could Nautilus Minerals get a social licence to operate the
world’s first deep sea mine? Marine Policy InPress: 6. 
Gollner, K. , L. Menzel , D. O. Jones , A. Brown , N. C. Mestre , D. Van Oevelen , L. Menot et
al. 2017. Resilience of benthic deep-sea fauna to mining activities. Marine Environmental
Research 129: 95–97. 
Hammond, A. 1974. Manganese nodules (II): Prospects for deep sea mining. Science.
183(4125): 644–646. 
Harris, L. 2016. Sustainable Seabed Mining: Corporate Geoscientists’ Visions in the Solomon
Islands. Honolulu, HI: Master of Arts, Anthropology, University of Hawai’i at Manoa. 
Jaeckel, A. , and K. M. Gjerde . 2016. Sharing benefits of the common heritage of mankind—Is
the deep seabed mining regime ready? Marine Policy 70: 198–204. 
Kaiser, S. , C. R. Smith , and P. M. Arbizu . 2017. Editorial: Biodiversity of the clarion clipperton
fracture zone. Marine Biodiversity 47(2): 259–264. 
Lodge, M. W. 2012. The common heritage of mankind. International Journal of Marine and
Coastal Law 27(4): 733–742. 
Lowrey, N. 2012. New Ireland locals fear Nautilus destroying shark calling. Deep Sea Mining
Campaign. 
Matbob, N. 2013. Messe shark callers concerned over experimental seabed mining. Papua
New Guinea Mine Watch. 
Nautilus Minerals. 2017. Status of the Equipment. Accessed May 22 .
www.nautilusminerals.com/irm/content/status-of-the-equipment.aspx?RID=424. 
New Zealand Parliament . 2003. The Foreshore and Seabed—Maori Customary Rights and
Some Legal Issues. Wellington, New Zealand: Parliamentary Library. 
Noyes, J. E. 2011. The common heritage of mankind: Past, present, and future. Denver Journal
of International Law and Policy 40(1): 447. 
Ramirez-Llodra, E. , P. A. Tyler , M. C. Baker , O. Aksel Bergstad , M. R. Clark , E. Escobar , L.
A. Levin et al. 2011. Man and the last great wilderness: Human impact on the deep sea
(Anthropogenic Impact on the Deep Sea). PLoS ONE 6(8): E22588. 
Schmidt, C. 2015. Going deep: Cautious steps toward seabed mining. Environmental Health
Perspectives 123(9): A234. 
Shackelford, S. 2009. The tragedy of the common heritage of mankind. Stanford Environmental
Law Journal 28: 109–577. 

 
Extracting Off-Earth Resources 
Ata, S. , Bournival, G. , and Manefield, M. 2015. Resource recovery in space. The Third
International Future Mining Conference, November 4–6. Saydam, S. and Mitra, R. (Eds.),
AusIMM, Sydney, Australia, pp. 275–279. 
Badescu, V. 2009. Mars-Prospective Energy and Material Resources. Springer-Verlag: Berlin,
Germany. 
Balla, V.K. , Roberson, L.B. , O’Connor, G.W. , Trigwell, S. , Bose, S. , and Bandyopadhyay, A.
2012. First demonstration on direct laser fabrication of lunar regolith parts. Rapid Prototyping
Journal, 18(6): 451–457. 
Bernold, L.E. 2013. An Australian Lunar Soil Simulant to Study Lunar Mining and Construction.
Off Earth Mining Forum delivered at University of New South Wales, Sydney, Australia,
February 19–21. www.youtube.com/watch?v=yvBVuewGuxs (accessed May 17, 2013 ). 
Buet, M. , Pearson, J. , Bennett, D.S. , and Komerath, N. 2013. Cornucopia Mission robotic
mining system for rapid earth orbit capture of asteroid resources.
http://www.csc.caltech.edu/stuff/VoyagerFinalReport.pdf (accessed November 17, 2013 ).



Charania, A.C. and DePasquale, D. 2007. Economic analysis of a lunar in-situ resource
utilization (ISRU) propellant services market, IAC-07-A5.1.03. 58th International Astronautical
Conference, Hyderabad, India, September 24–28, 2007. 
Craig, G. , Saydam, S. , and Dempster, A. 2014. Mining off-earth minerals: A long term play?
Journal of the South African Institute of Mining and Metallurgy (SAIMM), 114(12): 1039–1047. 
Dello-Iacovo, M. , Anderson, R.C. , and Saydam, S. 2017. A novel method of measuring
seismic velocity in off-Earth conditions: Implications for future research. 48th Lunar and
Planetary Science Conference, The Woodlands, TX. 
Dorrington, S. , Kinkaid, N. , and Olsen, J. 2015. Trajectory design and economic analysis of
asteroid mining missions to Asteroid 2014 EK24. The Third International Future Mining
Conference, November 4–6. Saydam, S. and Mitra, R. (Eds.), AusIMM, Sydney, Australia, pp.
281–287. 
Duke, M.B. , Gustafson, R.J. , and Rice, E. E. 1998. Mining lunar polar ice. American Institute
of Aeronautics and Astronautics, AIAA-98-1069, pp. 1–10, Reno, NV. 
Erickson, K.R. 2006. Optimal architecture for an asteroid mining mission: Equipment details and
integration. Proceedings of Space 2006, San Jose, CA, September 19–21, pp. 1–16. 
Gertsch, L.S. and Gertsch, R.E. 2003. Surface mine design and planning for lunar regolith
production. Space Technology and Applications International Forum, 654: 1108. 
Holbrook, R. 1958. Outline of a Study of Extraterrestrial Base Design. RM-2161, The RAND
Corporation, Santa Monica, CA. http://www.rand.org/pubs/research_memoranda/RM2161. 
Ingebretsen, M. 2001. Mining asteroids. Proceedings of IEEE Spectrum SPACE, August 2011,
pp. 34–39. 
Ishimatsu, T. , DeWeck, O. , Hoffman, J. , Ohkami, Y. , and Shishko, R. 2015. A generalized
multi-commodity network flow model for the earth-moon-mars logistics system. Journal of
Spacecraft and Rockets, 53(1): 28–38. 
Lindley, C.A. , Sennersten, C. , Davie, A. , Goldstein, O. , Lyu, R. , Grace, A. , Evans, B. et al.
2015. A multiplayer 3D index tool for recursive block models supporting terrestrial and extra-
terrestrial mine planning. The Third International Future Mining Conference, November 4–6.
Saydam, S. and Mitra, R. (Eds.), AusIMM, Sydney, Australia, pp. 289–296. 
Lucas, M.T. and Hagan, P.C. 2014. Comparison of two excavation systems for the mining of
lunar regolith. Mining Education Australia Journal of Research Projects Review, 3(1): 39–44. 
Mueller, R.P. , Sibille, L. , Leucht, K. , Smith, J.D. , Townsend, I.I. , Nick., J. , and Schuler, J.M.
2015. Swamp works—A new approach to develop space mining and resource extraction
technologies at NASA’s Kennedy Space Center: Prospecting, excavation, load, haul and dump
for in situ resource utilisation. The Third International Future Mining Conference, November
4–6. Saydam, S. and Mitra, R. (Eds.), AusIMM, Sydney, Australia, pp. 297–303. 
Mueller, R.P. , Smith, J.D. , Ebert, T. , Cox, R. , Rahmatian, L. , and Wood, J. 2013. Regolith
advanced surface systems operations robot excavator (RASSOR), Nasa Tech Briefs, Article
15471, 1. 
Muff, T. , Johnson, L. , King, R. , and Duke, M.B. 2004. A prototype bucket wheel excavator for
the moon, mars and Phobos. Proceedings of the 2004 Space Technology and Applications
International Forum (STAIF-004), Albuquerque, NM, February 8–11. 
National Aeronautics and Space Administration—Jet Propulsion Laboratory (NASA-JPL) . 2003.
PIA04907: Water mass map from neutron spectrometer (online), photojournal, December 8.
http://photojournal.jpl.nasa.gov/catalog/PIA04907 (accessed November 20, 2016 ). 
O’Leary, B. 1988. Asteroid mining and the moons of Mars. Acta Astronautica, 17(4): 457–462. 
Pelech, T.M. 2013. Technical and economical evaluation of mining comets and the moon for an
off-earth water market. Bachelor of Engineering (Mining) Thesis. UNSW Australia, Sydney,
Australia. 
Prado, M.E. 2013. Asteroid mining. Projects to Employ Resources of the Moon and Asteroids
Near Earth in the Near Term. www.permanent.com/asteroid-geologies.html (accessed May 10,
2013 ). 
Ross, S.D. 2001. Near-earth asteroid mining. www2.esm.vt.edu/~sdross/papers/ross-asteroid-
mining-2001.pdf (accessed May 16, 2013 ). 
Sanders, G.B. and Larson, W.E. 2015. Final review of analog field campaigns for in situ
resource utilization technology ad capability maturation. Advances in Space Research, 55:
2381–2404. 
Saydam, S. , Shishko, R. , Tapia Cortez, C.A. , de Roche, T. , Dempster, A. , Fradet, R. , and
Coulton, J. 2015a. An integrated risk-based financial and technical models to evaluate possible



mining scenarios on mars’ surface. The Third International Future Mining Conference,
November 4–6. Saydam, S. and Mitra, R. (Eds.), AusIMM, Sydney, Australia, pp. 305–311. 
Saydam, S. , Tapia Cortez, C. , de Roche, T. , and Dempster, A. 2015b. An evaluation of mars
water extraction mission. 26th Annual General Meeting & Conference, Freiberg, Germany, June
21–26. Mischo, H. and Drebenstedt, C. (Eds.), WIRmachenDRUCK GmbH, Backnang,
Germany, pp. 75–82. 
Schimitt, H.H. , Farrely, C.T. , and Franklin, D.C. 2008. Mining and the future of space
exploration. Proceedings of First International Future Mining Conference and Exhibition 2008,
Sydney, Australia, Saydam, S. (Ed.), The Australian Institute of Mining and Metallurgy,
Melbourne, Australia, pp. 91–97. 
Shishko, R. , Fradet, R. , Saydam, S. , Dempster, A. , and Coulton, J. 2015. An Integrated
Economics Model for ISRU in Support of a Mars Colony AIAA Space 2015, Pasadena, CA,
August 31 to September 2. 
Shishko, R. , Fradet, R. , Saydam, S. , Tapia Cortez, C.A. , Dempster, A. , Coulton, J. , and Do,
S. 2016. An integrated economics model for ISRU in support of a mars colony—Initial results
report. Space Resources Roundtable (SRR)/Planetary and Terrestrial Mining Sciences
Symposium (PTMSS), Colorado School of Mines, Golden, CO, June 7–9. 
Sonter, M. 2001. Near earth objects as resources for space industrialization. Solar System
Development Journal, 1(1): 1–31. 
Sonter, M. 2013. Project concepts for near-term commercial asteroid mining. Off Earth Mining
Forum delivered at University of New South Wales, Sydney, Australia, February 19–21.
www.youtube.com/watch?v=yvBVuewGuxs (accessed May 17, 2013 ). 
Sonter, M.J. 1997. The technical and economic feasibility of mining the near-earth asteroids.
Acta Astronautica, 41(4–10): 637–647. 
Tapia Cortez, C. , Saydam, S. , Coulton, J. , and Shishko, R. 2017. WEM3 Off Earth Mining
Model. Presented at the 2017 SME Annual Meeting, Denver, CO. 
Yoshikawa, M. , Fujiwara, A. , and Kawaguchi, J. 2007. The nature of asteroid Itokawa revealed
by Hayabusa. Proceedings of International Astronomical Union No 236 2006, Milani, A. ,
Valsecchi, G.B. , and Vokrouhlicky, D. (Eds.), Kanagawa, Japan, pp. 401–416. 
Zacharias, M. , Gertsch, L. , Abbud-Madrid, A. , Blair, B. , and Zacny, K. 2011. Real-world
mining feasibility studies applied to asteroids, the moon and mars. AIAA SPACE 2011
Conference & Exposition, Long Beach, CA, September 27–29. 
Zacny, K. , Chu, P. , Paulsen, G. , Avanesyan, A. , Craft, J. , and Osborne, L. 2012. Mobile in-
situ water extractor (MISWE) for mars, moon, and asteroids in situ resource utilization. Paper
Presented at the AIAA SPACE 2012 Conference & Exposition, Pasadena, CA. 

 
Leveraging Social Investment 
Aia, P. , M. Kal , E. Lavu et al. 2016. The burden of drug-resistant tuberculosis in papua new
guinea: Results of a large population-based study. PLoS ONE 11(3), e0149806.
doi:10.1371/journal.pone.0149806. 
Badman, S. G. , L. M. Vallely , P. Toliman et al. 2016. Prevalence and risk factors of Chlamydia
trachomatis, Neisseria gonorrhoeae, Trichomonas vaginalis and other sexually transmissible
infections among women attending antenatal clinics in three provinces in Papua New Guinea: A
cross-sectional survey. Sex Health 13, 420–427. 
Community Development Initiative Foundation . 2017. https://www.chevron.com/-
/media/chevron/investors/documents/png_factsheet.pdf and http://www.oilsearch.com/how-we-
work/sustainable-development/supporting-community-organisations. 
Cross, G. B. , K. Coles , M. Nikpour et al. 2014. TB incidence and characteristics in the remote
gulf province of Papua New Guinea: A prospective study. BMC Infectious Diseases 14(1), 93. 
Hetzel, M. W. , J. Pulford , H. Guda , A. Hodge , P. M. Siba , and I. Mueller . 2014. The PNG
National Malaria Control Program: Primary Outcome and Impact Indicators, 2009–2014.
Goroka, Papua New Guinea: PNG IMR. 
International Finance Corporation (IFC) . 2013. A Winning Framework for Public-Private
Partnerships: Lessons from 60-Plus IFC Projects. Washington, DC: IFC.



IPIECA . 2005. Health Impact Assessment. A Guide for the Oil and Gas Industry. London, UK:
IPIECA. 
IPIECA . 2016. Health Impact Assessment. A Guide for the Oil and Gas Industry. London, UK:
IPIECA. 
Kramer, M. R. and M. W. Pfitzer . 2016. The ecosystem of shared value. Harvard Business
Review 94(10), 81–89. 
Mayorga, A. E. 2010. Environmental Governance in Oil-Producing Developing Countries:
Findings from a Survey of 32 Countries. Washington, DC: World Bank.
http://worldbank.org/curated/en/284551468163738491/Environmental-governance-in-oil-
producing-developing-countries-findings-from-a-survey-of-32-countries (accessed December
20, 2016 ). 
McWalter, M. 2011. PNG Gas Finds Push LNG Plans. Tulsa, OK: American Association of
Petroleum Geologists.
http://www.aapg.org/publications/news/explorer/column/articleid/2257/png-gas-finds-push-lng-
plans#sthash.fARVMzb3.dpuf (accessed February 21, 2017 ). 
National Department of Health . 2015. Sector Performance Annual Review (SPAR). Port
Moresby, Papua New Guinea: Government of Papua New Guinea. 
Nelson, J. and K. Valikai . 2014. Building the foundations for a long-term development
partnership: The construction phase of the PNG LNG Project, 2014. The CSR Initiative at the
Harvard Kennedy School. Cambridge, MA.
https://www.hks.harvard.edu/centers/mrcbg/programs/cri. 
Nowosiwsky, A. 2014. Partnerships in health. Paper Presented at the 13th PNG Mining and
Petroleum Investment Conference, Sydney, Australia. 
Nowosiwsky, A. , N. Burke , J. D. Moore , and G. R. Krieger . 2016a. TB or Not TB:
Development of an integrated occupational and community health TB surveillance program.
Paper Presented at the Society of Petroleum Engineers International Conference and Exhibition
on Health, Safety, Security, Environment, and Social Responsibility, Stavanger, Norway. 
Nowosiwsky, A. , N. Burke , D. Prest , J. D. Moore , and G. R. Krieger . 2016b. Public-private
partnership: Lessons learned from a large project in a developing country setting. Paper
Presented at the Society of Petroleum Engineers International Conference and Exhibition on
Health, Safety, Security, Environment, and Social Responsibility, Stavanger, Norway. 
Nowosiwsky, A. , J. D. Moore , D. Hancock , M. Z. Balge , and G. R. Krieger . 2016c.
Development of an integrated community health program for a large oil and gas project. Paper
Presented at the Society of Petroleum Engineers International Conference and Exhibition on
Health, Safety, Security, Environment, and Social Responsibility, Stavanger, Norway. 
Oil Search Foundation . 2015. Annual Report, 14. www.oilsearchfoundation.org (accessed
March 26, 2017 ). 
Oil Search Foundation . 2017. Main webpage. www.oilsearchfoundation.org (accessed March
26, 2017 ). 
PNG IMR . 2015. March 2015 PNG IMR PiHP progress report. http://pngimr.org.pg (accessed
March 26, 2017 ). 
PNG IMR . 2017. IMR PiHP progress reports 2012–2017. www.pngimr.org.pg (accessed March
26, 2017 ). 
PNG LNG . 2017. Main webpage. www.pnglng.com (accessed March 26, 2017 ). 
World Bank . 2014. Public-private partnerships. Reference Guide. Version 2.0. Washington,
DC. 
World Bank . 2016. September 2016 PNG country overview.
http://www.worldbank.org/en/country/png/overview (accessed March 26, 2017 ). 
World Bank . 2017. PNG country overview. http://www.worldbank.org/en/country/png/overview
(accessed March 26, 2017 ). 

 



Mobile Money and Financial Inclusion in the Papua New Guinea
Resource Regions 
Banerjee, A. V. 2013. Microcredit under the microscope: What have we learned in the past two
decades, and what do we need to know? Annual Review of Economics 5(1):487–519.
doi:10.1146/ annurev-economics-082912-110220 and Karlan, D. , and J. Zinman . 2011.
Microcredit in theory and practice: Using randomized credit scoring for impact evaluation.
Science 332(6035):1278–1284. doi:10.1126/science.1200138. 
Centre for Financial Inclusion . https://
centerforfinancialinclusionblog.files.wordpress.com/2011/12/financialinclusion-whats-the-
vision.pdf. 
Demirguc-Kunt, A. , L. Klapper , D. Singer , and P. Van Oudheusden . 2015. The Global Findex
Database 2014: Measuring financial inclusion around the world (English). Policy Research
working paper; no. WPS 7255. Washington, DC: World Bank Group.
http://documents.worldbank.org/curated/en/187761468179367706/The-Global-Findex-
Database-2014-measuring-financial-inclusion-around-the-world. 
Alliance for Financial Inclusion . G20 Principles for Innovative Financial Inclusion.
http://www.afi-global.org/sites/default/files/afi%20 g20%20principles.pdf. 
Alliance for Financial Inclusion . 2013. Putting Financial Inclusion on the Global Map. The 2013
Maya Declaration Progress Report. Alliance for Financial Inclusion. https://www.afi-
global.org/sites/default/files/publications/afi_2013_maya_declaration_progress_report_final.pdf. 
2011. The Maya Declaration. Launched at Global Policy Forum 2011 Riviera Maya, Mexico.
https://www.afi-
global.org/sites/default/files/publications/afi_gpf2014_maya_factsheet_aw_low_res.pdf. 
Alliance for Financial Inclusion . 2014 Measurable Goals with Optimal Impact. 2014 Maya
Declaration Progress Report. https://www.afi-
global.org/sites/default/files/publications/2014_maya_declaration_progress_report_final_low_re
s.pdf. 
United Nations Capital Development Fund (UNCDF) . http://www.uncdf.org/en/pfip. 
Pacific Financial Inclusion Program . http://www.pfip.org/support/grants/. 
Some bullet points used directly from Department of Foreign Affairs and Trade. http://dfat.
gov.au/geo/pacific/development-assistance/Pages/economic-growth-and-private-sector-
development-pacificregional.aspx. 
May, R. J. 2003. Harmonizing linguistic diversity in Papua New Guinea. In Fighting words:
Language policy and ethnic relations in Asia, Eds. M. E. Brown and S. Ganguly , pp. 291–317.
Cambridge, Massachusetts: MIT Press. 
Reilly, B. 2008. Ethnic conflict in Papua New Guinea. Asia Pacific Viewpoint 49(1):12–22. 
Some bullet points used directly from Pacific Financial Inclusion Program.
http://www.pfip.org/about/16 where-we-work-1/png/. 
Data provided to the author by the CEFI in PNG. 
Gates Foundation Financial Services for the Poor. 2013. Fighting poverty, profitably:
Transforming the economics of payments to build sustainable, inclusive financial systems.
https://docs.gatesfoundation.org/documents/fighting%20poverty%20profitably%20full%20report
.pdf. 
Ernst and Young . 2009. Mobile money: An overview for Global Telecommunications operators.
http://www.ey.com/Publication/vwLUAssets/Mobile_Money./%24FILE/Ernst%20%26%20Young
%20-%20Mobile%20Money%20-%2015.10.09%20(single%20view).pdf. 
GSMA . 2010. Mobile Money for the Unbanked. http://www.gsma.com/mobile
fordevelopment/wp-content/uploads/2012/06/mobilemoneydefinitionsno marks56.pdf. 
GSMA . 2014. State of the Industry Mobile Financial Services for the Unbanked.
http://www.gsma.com/mobilefordevelopment/new-2014-state-of-the-industry-report-on-mobile-
financial-services-for-theunbanked. 
Karlan, D. , A. Ratan , and J. Zinman . 2013. Savings by and for the poor: A research review
and agenda. CGD Working Paper 346. Washington, DC: Center for Global Development.
https://www.cgdev.org/sites/default/files/savings-poor-research-review-agenda_1.pdf. 
Kendall, J. , P. Machoka , and C. Veniard . 2014. An Emerging Platform: From Money Transfer
System to Mobile Money Ecosystem. Bill Maurer Legal Studies Research Paper Series No.
2011-14.



Suwamaru, J. K. 2014. Impact of mobile phone uage in Papua New Guinea. State, Society and
Governance in Melanesia, Australian National University.
http://ssgm.bellschool.anu.edu.au/sites/default/files/publications/attachments/2015-12/IB-2014-
41-Suwamaru-ONLINE_0.pdf. 
World Bank . http://www.worldbank.org/en/news/ feature/2012/09/11/papua-new-guinea-
connecting-people-in-one-of-themost-isolated-places-on-earth. 
van der Vlies, M. , and A. Watson . 2014. Can mobile phones help reduce teacher absenteeism
in Papua New Guinea? Paper submitted for publication in the Proceedings of the Australian and
New Zealand Communication Association Annual Conference, Swinburne University, Victoria
9–11 July, 2014. 
The Economist . 2014. Government has ambitious plans for telecoms sector.
http://country.eiu.com/article/aspx?articleid=1641419148&Country=Papua%20New%20Guinea
&topic=Economy. 
World Bank . 2014. http://www.worldbank.org/en/news/feature/2012/09/11/papua-new-guinea-
connecting-people-in-one-of-themost-isolated-places-on-earth. 
International Telecommunication Union (ITU) . 2014. The World in 2014: ICT Facts and
Figures. Geneva: ITU. 
Pacific Financial Inclusion Program . http://www.pfip.org/mediacentre/in-news/2013-1/80-of-
png-unbanked-post-courier-png.html. 
Urkidi, L. 2010. A global environmental movement against gold mining: Pascua-Lama in Chile.
Ecological Economics 70(2):219–227. 
See, for example, the body of work sponsored by the International Council of Mining and
Metals. 

 
Vignette: Local Level Agreement Making in the Extractive Industries—A
Viewpoint on Context, Content, and Continuing Evolution 
Chilenye, N. 2017. Legal and institutional frameworks for community development agreements
in the mining sector in Africa. Extractive Industries and Society, 4, 202–215. 
Davis, R. and D. Franks . 2014. Cost of company-community conflict in the extractive sector.
Corporate Social Responsibility Initiative Report No. 66, Harvard Kennedy School: Cambridge,
MA. 
Dupuy, K. E. 2014. Community development requirements in mining laws, 1993–2012.
Extractive Industries and Society, 1(2), 200–215. 
Langton, M. and J. Longbottom (Eds.). 2012. Foundations for Indigenous Peoples in the Global
Mining Boom. Routledge: Oxford, UK. 
O’Faircheallaigh, C. 2013. Community development agreements in the mining industry: An
emerging global phenomenon. Community Development Journal, 44(2), 222–238. 
O’Faircheallaigh, C. 2016. Negotiations in the Indigenous World: Aboriginal Peoples and the
Extractive Industry in Australia and Canada. Routledge: New York. 
Rio, T. 2015. Why Agreements Matter: A Resource Guide for Integrating Agreement Making
into Communities and Social Performance Work at Rio Tinto. Rio Tinto and Centre for Socially
Responsible Mining, University of Queensland: Brisbane, Australia. 
World Bank . 2012. Mining Community Development Agreements Source Book. The World
Bank: Washington, DC. 

 
Social Incident Investigation in Mining: Thinking Outside the Fence 
Alizadeh, S. , and Moshashaei, P. (2015) The bowtie method in safety management system: A
literature review. Scientific Journal of Review, 4(9), 133–138. 
Cullen, W.D. (1990) The Public Inquiry into the Piper Alpha Disasters Vol I and II. HMSO:
London.



Dodshon, P. , and Hassall, M. (2017) Practitioners’ perspectives on incident investigations.
Safety Science, 93, 187–198. 
Hollnagel, E. (2008) Risk + barriers = safety. Safety Science, 46(2), 221–229. 
Kemp, D. , Evans, R. , Plavina, J. , and Sharp, B. (2008) Newmont’s Global Community
Relationships Review, ‘Organisational Learnings from the Minahasa Case Study’. Centre for
Social Responsibility in Mining (CSRM). 
Kemp, D. , and Owen, J.R. (2013) Community relations and mining: Core to business but not
“core business.” Resources Policy, 38, 523–531. 
Kemp, D. , and Owen, J.R. (2015a) Social science and the mining sector: Contemporary roles
and dilemmas for engagement. In Price, S. and Robinson, K.M. (Eds.), Making a Difference?
Social Assessment Policy and Praxis and its Emergence in China. Berghahn Books: New York. 
Kemp, D. , and Owen, J.R. (2015b) A third party review of the Barrick/Porgera Joint Venture off-
lease resettlement pilot: Operating context and opinion on suitability. Centre for Social
Responsibility in Mining (CSRM), The University of Queensland: Brisbane, Australia. 
Kemp, D. , Owen, J. , Cervantes, D. , Arbelaez-Ruiz, D. , and Benavides Rueda, J. (2013)
Listening to the city of Cajamarca. Research Paper, CSRM, Sustainable Minerals Institute,
University of Queensland: Brisbane, Australia. 
Martin, T. , Cervantes, M. , Mendes, M. , and Kemp, D. (2016) Tragadero Grande: Land, human
rights and international standards in the conflict between the Chaupe family and Minera
Yanacocha: Report of the Independent Fact Finding Mission. RESOLVE: Washington DC.
Retrieved from http://www.resolv.org/site-yiffm/files/2015/08/YIFFM-report_280916-Final.pdf
(accessed 1 February 2018 ). 
Moran, M. , and Waddington, D. (2016) Riots: An International Comparison. Palgrave
MacMillan: London. 
Owen, J.R. (2016) Social license and the fear of mineras interruptus. Geoforum, 77, 102–105. 
Owen, J.R. , and Kemp, D. (2013) Mining and community relations: Mapping the internal
dimensions of practice. The Extractive Industries and Society, 1, 12–19. 
Owen, J.R. , and Kemp, D. (2017) Extractive Relations: Countervailing Power and the Global
Mining Industry. Greenleaf Publishing: Sheffield. 
Ruggie, J. (2011). Guiding principles on business and human rights: Implementing the United
Nations Protect, Respect and Remedy Framework. Report of the Special Representative of the
Secretary-General on the Issue of Human Rights and Transnational Corporations and Other
Business Enterprises. Seventeenth Session, Agenda Item 3, A/HRC/17/31. Human Rights
Council. Retrieved from http://www.ohchr.org/Documents/Issues/Business/A-HRC-17-
31_AEV.pdf. 
Waddington, D. , Jones, K. , and Critcher, C. (1989) Flashpoint: Studies in Public Disorder.
Routledge: London. 
Waddington, D. , Wykes, M. , and Critcher, C. (1991) Split at the Seams: Community,
Continuity and Change after the 1984–1985 Coal Dispute. Open University Press: Philadelphia,
PA. 

 
Social Media and Community Relations: Five Key Challenges and
Opportunities for Future Practice 
ABC Illawarra . (2014). CSG Pilliga contamination sounds alarm bells for anti-mining advocates,
10 March. ABC News Online. Retrieved January 24, 2018, from
http://www.abc.net.au/local/stories/2014/03/10/3960324.htm. 
Ali, S. H. (2009). Mining, the environment, and indigenous development conflicts. Tucson, AZ:
University of Arizona Press. 
Australian Government Department of Industry, Office of the Chief Economist. (2014).
Resources and Energy Statistics 2014. Canberra, Australia: Australian Government. 
Bec, A. , Moyle, B. D. , & Char-lee, J. M. (2015). Drilling into community perceptions of coal
seam gas in Roma, Australia. The Extractive Industries and Society, 3(3), 716–726. 
Bice, S. (2014). What gives you a social licence? An exploration of the social licence to operate
in the Australian mining industry. Resources, 3(1), 62–80. doi:10.3390/resources3010062.



Bice, S. , Brueckner, M. , & Pforr, C. (2017). Putting social license to operate on the map: A
social, actuarial and political risk and licensing model (SAP Model). Resources Policy, 53,
46–55. 
Birol, F. , & Besson, C. (2012). Golden rules for a golden age of gas, World Energy Outlook
Special Report on Unconventional Gas. International Energy Agency, 12. 
Bice, S. , & Moffat, K. (2014). Social licence to operate and impact assessment. Impact
Assessment and Project Appraisal, 32(4), 257–262. 
Bruns, A. , & Burgess, J. (2012). Notes towards the scientific study of public communication on
Twitter. In A. Tokar , M. Beurskens , S. Keuneke , M. Mahrt , I. Peters , & C. Puschmann (Eds.),
Science and the Internet. Düsseldorf, Germany: Düsseldorf University Press. 
Bruns, A. , Burgess, J. , Kirchhoff, L. , & Nicolai, T. (2012). Mapping the Australian
Twittersphere. 
Chief Scientist and Engineer NSW . (2014). Final report of the independent review of coal seam
gas activities in NSW. Sydney, Australia. Retrieved from http://www.chief
scientist.nsw.gov.au/reports/coal-seam-gas-review. 
CoAG Energy Council . (2013). National Harmonised Regulatory Framework for Natural Gas
from Coal Seams. Council of Australian Governments. 
Commonwealth of Australia . (2014). Hydraulic fracturing (“fracking”) techniques, including
reporting requirements and governance arrangements. Department of the Environment,
Canberra. 
Deloitte . (2016). Tracking the Trends. Retrieved from
https://www2.deloitte.com/content/dam/Deloitte/ca/Documents/international-business/ca-en-ib-
tracking-the-trends-2016.pdf Department of Resources and Energy. (2015). BTEX and Coal
Seam Gas. In Division of Resources and Energy, State of New South Wales, Australia
Department of Trade and Investment (Ed.). 
Dodge, J. (2014). Civil society organizations and deliberative policy making: Interpreting
environmental controversies in the deliberative system. Policy Sciences, 47(2), 161–185. 
Filer, C. , & Gabriel, J. (2017). How could nautilus minerals get a social license to operate the
world’s first deep sea mine? Marine Policy, 1–7. 
Franks, D. M. , Davis, R. , Bebbington, A. J. , Ali, S. H. , Kemp, D. , & Scurrah, M. (2014).
Conflict translates environmental and social risk into business costs. Proceedings of the
National Academy of Sciences, 111(21), 7576–7581. 
Hannam, P. (2015). Santos receives warning over CSG waste water leaks, The Age, May 15,
2015. 
Harvey, B. , & Bice, S. (2014). Social impact assessment, social development programmes and
social licence to operate: Tensions and contradictions in intent and practice in the extractive
sector. Impact Assessment and Project Appraisal, 32(4), 327–335. 
Hilson, G. (2002). An overview of land use conflicts in mining communities. Land Use Policy,
19(1), 65–73. doi:10.1016/S0264-8377(01)00043-6. 
House, E. J. (2013). Fractured fairytales: The failed social license for unconventional oil and
gas development. Wyoming Law Review, 13, 5. 
Jeffares, S. (2014). Interpreting hashtag politics: Policy ideas in an era of social media.
Basingstoke, UK: Palgrave Macmillan. 
Jenkins, H. (2004). Corporate social responsibility and the mining industry: Conflicts and
constructs. Corporate Social Responsibility and Environmental Management, 11(1), 23–34. 
Kane, G. C. , Fichman, R. G. , Gallaugher, J. , & Glaser, J. (2009). Community relations 2.0.
Harvard Business Review, 87(11), 45–50. 
Kemp, D. (2010). Community relations in the global mining industry: Exploring the internal
dimensions of externally orientated work. Corporate Social Responsibility and Environmental
Management, 17(1), 1–14. 
Kemp, D. , & Owen, J. R. (2013). Community relations and mining: Core to business but not
“core business.” Resources Policy, 38(4), 523–531. doi:10.1016/j.resourpol.2013.08.003. 
Lacey, J. , & Lamont, J. (2013). Using social contract to inform social licence to operate: An
application in the Australian coal seam gas industry. Journal of Cleaner Production.
doi:10.1016/j.jclepro.2013.11.047. 
McKeown, B. , & Thomas, D. (2013). Q Methodology (2nd ed.). Thousand Oaks, CA: Sage. 
Moffat, K. , & Zhang, A. (2014). The paths to social license to operate: An integrative model
explaining community acceptance of mining. Resources Policy, 39, 61–70.



doi:10.1016/j.resourpol.2013.11.003 
Owen, J. R. , & Kemp, D. (2013). Social licence and mining: A critical perspective. Resources
Policy, 38(1), 29–35. 
Parsons, R. , & Moffat, K. (2014). Constructing the meaning of social licence. Social
Epistemology, 28(3–4), 340–363. doi:10.1080/02691728.2014.922645 
Porter, M. E. , Gee, D. S. , & Pope, G. J. (2015). America’s unconventional energy opportunity:
A win-win plan for the economy, the environment, and a lower-carbon, cleaner-energy future.
Cambridge, MA: Harvard Business School and Boston Consulting Group. 
Stephenson, W. (1980). Consciring: A general theory for subjective communicability. In D.
Nimmo (Ed.), Communication Yearbook 4. Columbia, MO: University of Missouri. 
Thomson, I. , & Boutilier, R. (2011). The social license to operate. In P. Darling (Ed.), SME
Mining Engineering Handbook (pp. 1779–1796). Littleton, CO: Society of Mining Metallurgy and
Exploration. 
Victorian Auditor General’s Office . (2015). Unconventional Gas: Managing Risks and Impacts.
Melbourne, Australia. Retrieved September 2015, from
http://www.audit.vic.gov.au/publications/20150819-Unconventional-gas/20150819-
Unconventional-gas.pdf. 

 
Phytomining: Using Plants to Extract Valuable Metals from Mineralized
Wastes and Uneconomic Resources 
Álvarez-López, V. , Á. Prieto-Fernández , M. I. Cabello-Conejo , and P. S. Kidd . 2016. Organic
amendments for improving biomass production and metal yield of Ni-hyperaccumulating plants.
Science of Total Environment 548–549:370–379. 
Anderson, C. W. N. , R. R. Brooks , A. Chiarucci et al. 1999. Phytomining for nickel, thallium
and gold. Journal of Geochemical Exploration 67(1–3):407–415. 
Anderson, C. W. N. , R. R. Brooks , R. B. Stewart , and R. Simcock . 1998. Harvesting a crop of
gold in plants. Nature 395(6702):553–554. 
Anderson, C. , F. Moreno , and J. Meech . 2005. A field demonstration of gold phytoextraction
technology. Minerals Engineering 18(4):385–392. 
Angle, J. S. , R. L. Chaney , A. J. M. Baker et al. 2001. Developing commercial phytoextraction
technologies: Practical considerations. South African Journal of Science 97(11–12):619–623. 
Baker, A. J. M. 1999. Revegetation of asbestos mine wastes. Princeton Architectural Press,
New York. 
Baker, A. J. M. , W. H. O. Ernst , A. van der Ent , F. Malaisse , and R. Ginocchio . 2010.
Metallophytes: The unique biological resource, its ecology and conservational status in Europe,
central Africa and Latin America. In Ecology of Industrial Pollution, L.C. Batty , K.B. Hallberg
(Eds.). Cambridge University Press, Cambridge, UK, pp. 7–40. 
Baker, A. J. M. , J. Proctor , M. M. J. Van Balgooy , and R. D. Reeves . 1992.
Hyperaccumulation of nickel by the flora of the ultramafics of Palawan, Republic of the
Philippines. In The Vegetation of Ultramafic (Serpentine) Soils, A. J. M. Baker , J. Proctor , R.
D. Reeves (Eds.). Intercept, Andover, UK, pp. 291–304. 
Bani, A. 2007. In-situ phytoextraction of Ni by a native population of Alyssum murale on an
ultramafic site (Albania). Plant and Soil 293:79–89. 
Bani, A. , G. Echevarria , S. Sulçe , and J. L. Morel . 2015a. Improving the agronomy of
Alyssum murale for extensive phytomining: A five-year field study. International Journal of
Phytoremediation 17(1–6):117–127. 
Bani, A. , G. Echevarria , X. Zhang et al. 2015b. The effect of plant density in nickel-
phytomining field experiments with Alyssum murale in Albania. Australian Journal of Botany
63:72–77. 
Barbaroux, R. , E. Plasari , G. Mercier , M. O. Simonnot , J. L. Morel , and J. F. Blais . 2012. A
new process for nickel ammonium disulfate production from ash of the hyperaccumulating plant
Alyssum murale. Science of Total Environment 423:111–119. 
Broadhurst, C. L. , and R. L. Chaney . 2016. Growth and metal accumulation of an Alyssum
murale nickel hyperaccumulator ecotype co-cropped with Alyssum montanum and perennial
ryegrass in serpentine soil. Frontiers in Plant Science 7:451.



Brooks, R. R. 1998. Plants that Hyperaccumulate Heavy Metals: their Role in Phytoremediation,
Microbiology, Archaeology, Mineral Exploration, and Phytomining. CAB International,
Wallingford, UK. 
Brooks, R. R. , and E. D. Wither . 1977. Nickel accumulation by Rinorea bengalensis (Wall.)
O.K. Journal of Geochemical Exploration 7:295–300. 
Brooks, R. R. , M. Chambers , L. Nicks , and B. H. Robinson . 1998. Phytomining. Trends Plant
Science 3:359–362. 
Chaney, R. L. 1983. Plant uptake of inorganic waste constituents. In Land Treatment of
Hazardous Wastes, J.F. Parr , P.B. Marsh , Kla J.M. (Eds.). Noyes Data Corp, Park Ridge, New
Jersey, pp. 50–76. 
Chaney, R. L. , and M. Mahoney . 2014a. Phytostabilization and phytomining: Principles and
successes. Paper 104, Proceedings of the Life of Mines Conference, July 15–17. Australasian
Institute of Mining and Metallurgy, Brisbane, Australia. 
Chaney, R. L. , I. Baklanov , T. Centofanti et al. 2014b. Phytoremediation and phytomining:
Using plants to remediate contaminated or mineralized environments. In Plant Ecology and
Evolution in Harsh Environments, N. Rajakaruna , R.S. Boyd , and T. Harris (Eds.). Nova
Science Publishers, New York, pp. 365–391. 
Chaney, R. L. , J. S. Angle , A. J. M. Baker , and Y-M. Li . (1998). Method for phytomining of
nickel, cobalt and other metals from soil. U.S. Patent 1998, 5, 711,784. 
Chaney, R. L. , J. S. Angle , C. L. Broadhurst , C. A. Peters , R. V. Tappero , and D. L. Sparks .
2007. Improved understanding of hyperaccumulation yields commercial phytoextraction and
phytomining technologies. Journal of Environmental Quality 36(5):1429–1433. 
Durand, A. , S. Piutti , M. Rue , J. L. Morel , G. Echevarria , and E. Benizri . 2016. Improving
nickel phytoextraction by co-cropping hyperaccumulator plants inoculated by plant growth
promoting rhizobacteria. Plant and Soil 399:179–192. 
Harris, A. T. , K. Naidoo , J. Nokes , T. Walker , and F. Orton . 2009. Indicative assessment of
the feasibility of Ni and Au phytomining in Australia. Journal of Cleaner Production
17(2):194–200. 
Kukier, U. , and R. L. Chaney . 2001. Amelioration of nickel phytotoxicity in muck and mineral
soils. Journal of Environmental Quality 30(6):1949–1960. 
Li, Y. M. , R. L. Chaney , E. Brewer et al. 2003. Development of a technology for commercial
phytoextraction of nickel: economic and technical considerations. Plant and Soil 249:107–115 
Losfeld, G. , V. Escande , T. Jaffré , L. L’Huillier , C. Grison . 2012. The chemical exploitation of
nickel phytoextraction: An environmental, ecologic and economic opportunity for New
Caledonia. Chemosphere 89(7):907–910. 
Morrey, D. R. , K. Balkwill , and M. J. Balkwill . 1989. Studies on serpentine flora—Preliminary
analyses of soils and vegetation associated with serpentinite rock formations in the
Southeastern Transvaal. South African Journal of Botany 55:171–177. 
Nicks, L. , and M. Chambers . 1995. Farming for metals. Mining and Environmental
Management 3:15–18. 
Nicks, L. , and M. Chambers . 1998. Pioneering study of the potential of phytomining for nickel.
In Plants that Hyperaccumulate Heavy Metals: Their Role in Phytoremediation, Microbiology,
Archaeology, Mineral Exploration and Phytomining, R. R. Brooks (Ed.). CAB International,
Wallingford, UK. 
Nkrumah, P. N. , A. J. M. Baker , R. L. Chaney et al. 2016. Current status and challenges in
developing nickel phytomining: An agronomic perspective. Plant and Soil 406(1):55–69. 
Reeves, R. D. 2003. Tropical hyperaccumulators of metals and their potential for
phytoextraction. Plant and Soil 249:57–65. 
Reeves, R. D. , A. J. M. Baker , A. Borhidi , and R. Berazain . 1996. Nickel-accumulating plants
from the ancient serpentine soils of Cuba. New Phytologist 133:217–224. 
Robinson, B. H. , R. R. Brooks , A. W. Howes , J. H. Kirkman , and P. E. H. Gregg . 1997. The
potential of the high-biomass nickel hyperaccumulator Berkheya coddii for phytoremediation
and phytomining. Journal of Geochemical Exploration 60(2):115–126. 
Rodrigues, J. , V. Houzelot , F. Ferrari et al. 2016. Life cycle assessment of agromining chain
highlights role of erosion control and bioenergy. Journal of Cleaner Production 139:770–778. 
Séré, G. , C. Schwartz , S. Ouvrard , C. Sauvage , J. C. Renat , and J. L. Morel . 2008. Soil
construction: A step for ecological reclamation of derelict lands. Journal of Soils and Sediments
8:130–136.



USDA . 2015. United States Department of Agriculture, Natural Resources Conservation
Service, Plants Profile. http://plants.usda.gov/core/profile?symbol=ALMU (accessed December
24, 2015 ). 
van der Ent, A. , A. J. M. Baker , M. M. J. Van Balgooy , and A. Tjoa . 2013b. Ultramafic nickel
laterites in Indonesia: Mining, plant diversity, conservation and nickel phytomining. Journal of
Geochemical Exploration 128:72–79. 
van der Ent, A. , A. J. M. Baker , R. D. Reeves , et al. 2015a. “Agromining”: Farming for metals
in the future? Environmental Science and Technology 49(8):4773–4780. 
van der Ent, A. , D. R. Mulligan , R. Repin , and P. D. Erskine . 2017. Foliar elemental profiles in
the ultramafic flora of Kinabalu Park (Sabah, Malaysia). Ecological Research [In Press]. 
van der Ent, A. , G. Echevarria , and M. Tibbett . 2016. Delimiting soil chemistry thresholds for
nickel hyperaccumulator plants in Sabah (Malaysia). Chemoecology 26(2):67–82. 
van der Ent, A. , R. D. Reeves , A. J. M. Baker , J. Pollard , and H. Schat . 2013a.
Hyperaccumulators of metal and metalloid trace elements: facts and fiction. Plant and Soil
362(1–2):319–334. 
Wild, H. 1974. Indigenous plants and chromium in Rhodesia. Kirkia 9(2):233–241. 

 
The Frugal Rehabilitation Methodology for Artisanal and Small-Scale
Mining in Mongolia: An Innovative Approach to Formalization and
Environmental Governance with Potential for International Adaptation
through the BEST-ASM Initiative 
Aldama, Z. 2016. Winners and losers in Mongolia’s mining gold rush. Post Magazine, June 13,
2016. 
Batbayar, N. and P. Gankhuyag . 2015. Biodiversity and Artisanal and Small-scale Mining in
Mongolia: Scoping High Biodiversity Values in soums with active ASM. Wildlife Science and
Conservation Center of Mongolia (WSCC) for The Asia Foundation, Mongolia. 
BirdLife Asia . 2009. Safeguarding important areas of natural habitat alongside economic
development. Mongolia Discussion Papers. East Asia and Pacific Region Sustainable
Development Department, World Bank, Washington, DC. 
Butler, L. , P. Mitchell , and E. Levin . 2014. International Review of Environmental
Rehabilitation Approaches for Artisanal and Small-Scale Mining: A Review of Best Practices for
Frugal Rehabilitation of ASM in Mongolia Estelle Levin for The Asia Foundation, Mongolia. 
Carlson, D. 2014. 2008 financial crisis set stage for gold rally. Kitco News, October 13, 2014. 
Enkhbat, A. , and G. Bolormaa . 2015. Public finance mechanisms for resourcing environmental
rehabilitation. Commissioned report to The Asia Foundation, Mongolia. 
Hunter, M. , A. Smith , and E. Levin-Nally . 2017. Follow the money. Financial flows linked to
artisanal and small-scale gold mining. A tool for intervention. The GIFF Project (The Global
Initiative Against Transnational Organised Crime and Estelle Levin). At
http://globalinitiative.net/wp-content/uploads/2017/03/illicit-financial-flows-linked-to-
artisanal_06.03.17.compressed.pdf. 
Lamb, D. 2016. No to Rehab? The mining downturn risks making mine clean-ups even more of
an afterthought. The Conversation. April 29, 2016. 
Ministry of Mining (MoM), Mongolia, Swiss Agency for Development and Cooperation (SDC),
and The Asia Foundation (TAF). 2016a. Frugal Rehabilitation Demonstration in Mongolia – A
Case Studies Handbook. The Asia Foundation, Mongolia. 
Ministry of Mining (MoM), Mongolia, Swiss Agency for Development and Cooperation (SDC),
and The Asia Foundation (TAF). 2016b. The Frugal Rehabilitation Methodology (FRM) – A
Field Handbook. The Asia Foundation, Mongolia. 
New Internationalist . 2013. World Development book case study: Mining in Mongolia. Mega-
mining in Mongolia—A development bonus or resource curse? At
https://newint.org/books/reference/world-development/case-studies/mining-mongolia-
development-resource-curse/. 
Reichardt, M. 2013. The Wasted Years: A history of mine waste rehabilitation methodology in
the South African mining industry from its origins to 1991. PhD thesis, University of the
Witwatersrand, South Africa.



Riley, C. 2016. This country went from boom to economic nightmare in 5 years. CNN Money.
August 23, 2016. 
Salo, M. et al., 2016. Local perspectives on the formalization of artisanal and small-scale mining
in the Madre de Dios gold fields, Peru. The Extractives Industries and Society. 3(4),
1058–1066. 
Swiss Agency for Development and Cooperation (SDC) . n.d. Sustainable artisanal mining
project. At http://sam.mn/sustainable-artisanal-mining-project/. 
Swiss Agency for Development and Cooperation (SDC) . 2011. SDC experiences with ASM
formalization and responsible environmental practices in Latin America and Asia (Mongolia).
SDC, Mongolia. 
Swiss Agency for Development and Cooperation (SDC) . 2013. The human rights in small-scale
mining in Mongolia. Sustainable Artisanal Mining Project and National Human Rights
Commission of Mongolia. SDC, Mongolia. 
Swiss Agency for Development and Cooperation (SDC) . 2015a. Small-scale miners’
occupational safety and health—A simplified handbook. Sustainable Artisanal Mining Project.
SDC, Mongolia. 
Swiss Agency for Development and Cooperation (SDC) . 2015b. Legislation related to artisanal
and small-scale mining. Sustainable Artisanal Mining Project. SDC, Mongolia. pp 13–23. 
Swiss Agency for Development and Cooperation (SDC) . 2015c. Human rights based
approaches and gender equality: A manual. Sustainable Artisanal Mining Project and Center for
Human Rights Development. SDC, Mongolia 
Swiss Agency for Development and Cooperation (SDC) . 2016a. Artisanal and small-scale
mining—Organisation in Mongolia. Sustainable Artisanal Mining Project. SDC, Mongolia. 
Swiss Agency for Development and Cooperation (SDC) . 2016b. Social insurance
Mongolia—Security for your life. Sustainable Artisanal Mining Project and Social Insurance
General Office. SDC, Mongolia. 
Swiss Agency for Development and Cooperation (SDC) . 2017. Revised regulation improves
conducive environment for artisanal and small-scale miners. Sustainable Artisanal Mining
Project. SDC, Mongolia. 
The Asia Foundation . 2015. Sustainable development: Responsible resource use—Multi-
stakeholder engagement training handbook for stakeholders. The Asia Foundation (ESEC II)
and Mongolian Cooperatives Training and Information Center. The Asia Foundation, Mongolia. 
Villegas, C. 2013. Ninja miners and rural change in Mongolia. ASM-PACE Programme, Estelle
Levin. 1st November. 
World Bank . 2009. BirdLife Asia. Safeguarding important areas of natural habitat alongside
economic development. Mongolia Discussion Papers. East Asia and Pacific Region Sustainable
Development Department, World Bank, Washington, DC. 

 


