
INTRODUCTION
Uranium exploration increased over the past decade
in a sympathetic response to a rapid increase in the
price of uranium, inspired by supply-demand, the
public’s perception of nuclear power, and stock mar-
ket dynamics. Global uranium exploration expendi-
tures for the period 2004–2008 are estimated at $3.2
billion (USD)—from $130 M in 2004, to an esti-
mated peak of $1.2 billion in 2008 (Goulden, 2008,
2009). A major focus of the exploration effort has
been on brown-fields exploration in historical ura-
nium districts. Less effort has been devoted to explo-
ration at green-field frontiers. A significant reduction
in global uranium exploration expenditures is
underway in response to the global recession
(Goulden, 2010). Exploration activity peaked during
this cycle, in 2008, with in excess of 900 companies
engaged in the global exploration of a portfolio of
over 3000 uranium exploration projects (Intierra-
Minmet) (Fig. 1). 

By way of example, about 100
companies in Saskatchewan claimed to page 17 . . .
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ABSTRACT
Uranium exploration increased over the past decade in response to an
increase in the price of uranium, with more than 900 companies
engaged in the global exploration on over 3,000 projects. Major eco-
nomic discoveries of new uranium orebodies have been elusive despite
global exploration expenditures of $3.2 billion USD, with most of the
effort in historical uranium districts. The increased effort in exploration
with minimal return can be described through the example of a cyclical
model based on exploration and discovery in the prolific Athabasca
Basin, Saskatchewan. The model incorporates exploration expenditure,
quantities of discovered uranium, and the sequence of uranium deposit
discoveries to reveal that discovery cycles are epochal in nature and that
they are also intimately related to the development and deployment of
new exploration technologies. Exploration in the Athabasca Basin can
be divided into an early “prospector” phase and the current “model-
driven” phase. The future of successful uranium exploration is envisaged
as the “innovation exploration” stage in which a paradigmatic shift in
the exploration approach will take the industry towards new discoveries
by leveraging research and technology development. Effective engage-
ment within the “innovation exploration” paradigm requires that explo-
ration organizations recognize knowledge brokers, and adopt research,
development, and technology transfer as a long-term, systematic strat-
egy, including critical definition of exploration targets, identification of
innovation frontiers needed, enhanced leadership to accurately portray
the research and development imperative and elevation of the status of
the research and development effort within the organizational system.

SEGSEG
www.segweb.org

Advancing Science and Discovery

JANUARY  2011 NUMBER 84

NEWSLETTER

VIEWS
(pg. 12–16)

M. Hitzman and J. Hronsky

New Website additions in 2011

Oral History Videos, News Releases, 

and Views Online



some sort of ownership in over 200 ura-
nium exploration projects. Approxi -
mately CDN$ 650 M was invested in
uranium exploration in this jurisdiction
during the period 2000–2009 (Delaney,
2009), (Fig. 2). In Saskatchewan the
focus has been on exploring for high-
grade unconformity related deposits in
the Athabasca Basin, which has yielded
economic deposits with exceptional

grade and tonnage
characteristics (Fig.
3). There have been
few reports that
large, brand-new,
and higher grade
economic uranium
deposits have been
discovered in the
Athabasca Basin or
around the world
during the most
recent uranium
exploration cycle.
However, the Atha -
basca Basin contin-
ues to yield new
discoveries in the
vicinity of known
uranium deposits
and on underex-

plored trends that are the subject of
advanced exploration. It will take more
effort to de termine their ultimate size
and whether or not they will be eco-
nomic. The Shea Creek, Centennial,
Millenium, and Phoenix deposits
appear to have economic potential. 

This paper addresses some of the
fundamental reasons why major eco-
nomic discoveries of uranium orebodies

have been elusive over the past two
decades, through a cyclical model
known as the “learning curve” (Harris
et al, 2009), using the prolific
Athabasca Basin, Saskatchewan, as
an exemplar (Fig. 4). This model
incorporates elements relating explo-
ration expenditure, quantities of dis-
covered uranium, and the sequence of
uranium deposit discoveries to reveal
that discovery cycles are epochal in
nature, and that they are also inti-
mately related to the development
and deployment of new exploration
technologies. The history of uranium
exploration is parsed into the early
“prospector” exploration phase
(1960–1976) and the current deposit
model-driven phase (1976– present).
The future of successful uranium
exploration is envisaged as “innova-
tion exploration” by which a para -
digmatic shift in the exploration
approach will take the industry
towards new discoveries through
research and technology-driven ex -
ploration. The authors believe that
that this new epoch of innovative
 uranium exploration has arrived in
the Athabasca Basin
and globally. 
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FIGURE 1. Global distribution of publicly traded uranium compa-
nies, and uranium exploration projects (966 companies and 3,149
properties as of May 2009; Source: Intierra Minmet database).
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FIGURE 2. History of economic uranium deposit discoveries in the Athabasca Basin (dollar values adjusted for inflation) with reference to spot
price, and exploration expenditures (Compiled from various sources including IAEA Red Book, and Saskatchewan Geological Survey).



18 S E G  N E W S L E T T E R No 84 • JANUARY 2011

THE ATHABASCA BASIN
LEARNING CURVE
A learning curve was developed for the
Athabasca Basin to better understand

the relationship between exploration
effort (as measured by expenditure) and
exploration outcomes (as measured by
economic mineral resource discovery;
Harris et al., 2009). A framework of

 correlating cumulative historical expen-
ditures and economic resource discover-
ies was developed. A two-cycle learning
curve was developed for the basin, with
the first cycle correlating with early-
stage exploration in shallow basin
environments (prospector phase) and a
second-cycle correlating with deep basin
exploration (empirical / genetic deposit
model phase; Cuney and Kyser, 2009).
Several mathematical models were de -
veloped for the learning curve system.
Outcomes of the analysis included (1) a
mathematically robust method to esti-
mate the total basin endowment of
 economic mineral resources for the
Athabasca Basin, (2) a probability den-
sity function (or cumulative frequency
distribution) depicting the expected
quantum of economic mineral resource
discovery, given additional future explo-
ration expenditures, and (3) a frame-
work for assessing the implication of
incremental innovation (staying on the
same learning curve) and radical inno-
vation (moving to a new learning curve).
Similar complementary assessments
were investigated, including the use of
Hubbert curves described by Harris
(1984) and the development of histori-
cal cost curves based on the work of
Mackenzie and Woodall (1997).

The prospector-driven exploration
cycle covered the period from 1960 to
about 1976 and was defined by the
 discovery of the Key Lake deposit
(Gatzweiler et al., 1979). During this
cycle, deposits were discovered at rela-
tively shallow depths of Athabasca
sandstone cover of <400 m. The Key
Lake deposit became the example of
the unconformity-related uranium
deposit, and the correlation of the
deposit with sub-sandstone basement
graphitic gneisses offered an efficient
exploration target focus that is pursued
to this day. Radioactive boulder pros -
pecting and airborne and ground elec-
tromagnetic technologies were success-
fully deployed during this cycle. The
discovery of the large Cigar Lake
(Bruneton, 1987) and McArthur River
deposits (Marlatt et al., 1992) marked
the start of the model-driven explo-
ration cycle from around 1980 to pre-
sent. Deposit models were further
refined and empirical fingerprints were
established. Exploration focused on
searching for typical lithogeochemical,
geological, and geophysical expressions
of unconformity-related deposits. The 
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development of deeper penetrating air-
borne and ground electromagnetic plat-
forms allowed the definition of prospec-
tive basement conductive targets at
depths from about 400 m to in excess
of 800 m. Recent advancements in air-
borne electromagnetic technologies
offer the potential to identify target
basement graphitic gneisses at depths
in excess of 1 km. Another emergent
technology focus is the development of
refined biogeochemical and lithogeo-
chemical technologies. These events are
viewed as harbingers of a third innova-
tion exploration cycle of economic dis-
coveries, the innovative exploration
phase.

In tandem with these developments,
industry-academia research was initi-
ated during the first learning cycle, and
has continued to this day with a diverse
focus, including the study of the metal-
logeny of ore deposit systems, holistic
basin analysis, and the development of
innovative geochemical technologies.
Uranerz, Cameco, and Areva were key
industry supporters of independent and
collaborative studies with M. Cuney, K.
Kyser at the Queen’s Facility for Isotope
Research, and many others. Mappers
from the Saskatchewan Geological
Survey provided the geological context
of both the basin and the sub-sand-
stone basement. The genetic model for
the unconformity related uranium
deposit was developed by Hoeve and
Sibbald (1978). 

Analysis of the learning curves and
associated data following the method-
ology presented in Harris et al. (2009)
indicate that approximately 1.55 billion
economic lbs U3O8 (830,000 tonnes U)
have been discovered in the Athabasca
Basin at a cost of CDN$ 1.6 billion
(1997 dollars), or approximately $1/lb.
The total economic uranium endow-
ment of the Athabasca Basin is esti-
mated at about 2.2 billion lbs U3O8 (1.2
Mt U), leaving about 650 million lbs
U3O8 (350,000 t U) available for discov-
ery on the second learning curve. From
2000 to 2009, approximately CDN$
650 million have been spent exploring
for these economic resources (Delaney,
2009), with no large new economic dis-
coveries reported. The second tier Mille -
nium deposit is included as an eco-
nomic addition to the learning curve in
our analysis. Several other uranium
deposits are subject to advanced explo-
ration; however, the economic status has
not been declared, and it is likely that
these deposits will fall into a second

economic tier if this happens. In the
event that it does happen, the learning
curve will be backdated to reflect the
addition of new economic resources
and expenditures. 

In the case of the large Athabasca
Basin, the McArthur River and Cigar
Lake discoveries were made early in the
evolution of the second learning cycle.
The Athabasca Basin learning curve
implies that exploration for depleting
economic resources late in the evolu-
tion of the learning cycle will entail
greater cost, effort, and time, and that
the deposits will be smaller. The data
from Athabasca cycle one and two sup-
port this conclusion. Mathematical
modelling predicts that discoveries on
the asymptotic tail of the second learn-
ing curve will be, on average, relatively
small in comparison to the larger
deposits discovered earlier in the cycle
(Fig. 5). This model suggests that a
future incremental investment of CDN$
150 M in reconnaissance exploration
should lead to the discovery of an eco-
nomic deposit with an average size of
80 million lbs U3O8 (43,000 t U) ($1/lb),
although smaller or larger deposits can
also be expected. An expenditure level
of over four times this amount has
been incurred with no new economic
discoveries declared. 

The absence of economic discoveries
in the Athabasca Basin during the most
recent uranium exploration cycle
defines a mature and heavily explored
environment that is not responding to

the deployment of conventional explo-
ration technologies in an efficient man-
ner. The recognition of inefficient
exploration signals the opportunity to
move to a new learning cycle for dis-
covery, to intensify efforts on the cur-
rent learning curve, or to consider exit-
ing the basin as a business strategy. For
example, the investment in the
Athabasca Basin on the current learn-
ing curve, with anticipated higher
expenditures and smaller discoveries,
could be compared with strategies for
exploration in other underexplored
prospective basins, or in other uranium
deposit models. The merits of exploring
for discovery on a third learning curve
in the Athabasca Basin lie in the poten-
tial for the early discovery of several
very large deposits in untested parts of
a familiar fertile basin, although the
magnitude of such future discoveries
cannot be predicted. 

THE INNOVATION 
EXPLORATION PARADIGM 
AS A RESPONSE TO CRISIS
Our assessment is that the uranium
exploration industry is at a crossroads
with respect to the discovery of new
economic uranium deposits in the
Athabasca Basin. Despite significant
exploration expenditure over the past
two decades, new economic uranium
deposits have not been reported, and
this observation can be
interpreted as indicative
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of an emerging crisis. Thomas Kuhn
analyzed some of the conditions of
paradigmatic shifts in his landmark
work The Structure of Scientific Revolutions
and offered what we interpret as a cau-
tionary note when scientists are con-
fronted by such anomalies:

“Though they may begin to lose faith
and then to consider alternatives, they
do not renounce the paradigm that
has led them into crisis. They do not,
that is, treat anomalies as counterin-
stances, though in the vocabulary of
philosophy of science that is what
they are … the decision to reject one
paradigm is always simultaneously
the decision to accept another, and
the judgment leading to that decision
involves the comparison of both
paradigms with nature and each
other” (Kuhn, 1996).

The history of science and the his-
tory of uranium exploration demon-
strate that paradigmatic shifts do hap-
pen (Fig. 6). In this example, the

Beaverlodge uranium deposit model was
co-opted by the Elliot Lake uranium
deposit model and then by the refocus
of exploration on the newer unconfor-
mity-related deposit model. Each model
demanded different exploration
approaches. Our question is, “What are
the options for the future of uranium
exploration?” In the instance of the
exploration for unconformity-related
uranium deposits in the Athabasca
Basin, one opportunity is for the devel-
opment of new technologies for the
evolution of discoveries on the third
learning curve. But as Kuhn suggests, a
new paradigm needs to be available if
an old paradigm is to be if the rejected.
We won’t know what the new technolo-
gies will be until we recognize the third
learning curve through discovery. But
perhaps we can identify some avenues
that might lead us in the right direc-
tion. Our task is to discover blind eco-
nomic deposits. The development of
variations of the unconformity-related
deposit model in support of the drill test-
ing of virgin terrain in the Athabasca
Basin is one example of innovation.
Another is the intentional development
and testing of brand new deposit mod-
els. Could this be one of the futures of
the uranium exploration industry? If
so, this would one of the most challeng-
ing activities of all from both intellec-
tual and funding perspectives. In the
geophysical category, modern electro-
magnetic and resistivity systems can
effectively map conventional basement
graphitic target horizons at greater
depths. However, perhaps only seismic
methods offer the opportunity of greater
target resolution, and the deployment
of such technologies on a routine basis
has proven to be too costly. In the geo-
chemical category, we believe that the
development of microbial and lithogeo-
chemical mineralization and alteration
mapping technologies offer promise.
These technologies will take advantage
of the increased capacity of modern
analytical tools for low-level isotopic
and elemental ratio mapping.

INDUSTRY-ACADEMIA 
COLLABORATIVE RESEARCH:
ONE PATH TO THE NEXT
LEARNING CURVE
Investments in industry-academia collab-
orative research and development can
play a role in facilitating paradigmatic

shifts in the exploration process, and
increase the probability of discovery of
the next generation of uranium ore
deposits over the next decade. Our focus
should not detract from recognizing
that other approaches to innovation
are equally as valid, including home-
grown innovations by geologists within
exploration teams, and good exploration
work in the model-driven or prospector
modalities. We offer our example of
collaborative research as one exemplar
for making progress on the next learn-
ing curve and the discovery of the next
generation of uranium deposits.

The exploration process can be
examined through the lens of two ques-
tions, Is the terrain prospective and is
the terrain explorable? Exploration
managers need to continuously evalu-
ate numerous complex technical and
political risk factors as projects move
down the exploration pipeline. Risk fac-
tors that need to be addressed by any
exploration company include the pri-
mary risk factors of prospectivity and
explorability and secondary factors of
country risk, socio-cultural risk, envi-
ronmental risk, mining risk, and repu-
tational risk. Prospectivity analysis is
directed towards ensuring that the
exploration effort will be focused on the
best geological environment that has
the potential to host economic uranium
deposits. The key question at this stage
is, “What is the status of the natural
endowment of economic mineral
deposits in this terrain?” The geological
assessment of the uranium mineral
endowment of a basin is a knowledge-
based activity involving a complex pro-
cess of applied geoscience that is
focused on understanding the geologi-
cal and economic characteristics of the
spectrum of mineral deposit models,
and the probability of their occurrence
(Harris et al., 2009). Talented geoscien-
tific people working in a functioning
learning organization (Senge, 2006) are
a prerequisite for discovery. Evaluating
explorability is focused on answering
the question “Does the exploration
team have the technology to search for
and discovery the economic deposits?”
If not, “Can the exploration team
develop new technologies?” Exploration
geologists, geophysicists, and geo-
chemists should constantly assess the
applicability of exploration tools to
increase the probability of discovery of
deposits.
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Where does industry-academia collab-
orative research fit into the exploration
process? The exploration discovery pro-
cess is analogous to the well-defined
manufacturing process (Stevens and
Burley, 1997). Exploration success
statistics were developed for the Atha -
basca Basin and compared with those
for manufacturing projects (Table 1).
The data suggests that about 1 in 1,000
drill tests in the Athabasca Basin has
resulted in the discovery of an economic
deposit, and 1 in 10,000 tests has re -
sulted in the discovery of a very large
deposit. Greater uncertainty exists in
the early stages (1 and 2) of exploration
that may be similar to those known for
the pharmaceutical industry and point
to the high number of exploration
drilling targets that need to be tested to
yield economic discovery. It is at these
early stages that collaborative industry-
academia research can play a signifi-
cant role in increasing the probability
of success through better area selection
and target definition—drilling fewer
holes to get to discovery. 

Effective management practices can
increase the rate of incremental knowl-
edge gains and establish an organiza-
tional learning culture in which oppor-
tunities for incremental and radical
innovation are enhanced. Neufeld et al.
(2001) present a balanced scorecard
framework, modified after the work of
Kaplan and Norton
(1992), that identifies 10
attributes of high-perfor-
mance research organi-
zations focusing on the
key success factors asso-
ciated with people, lead-
ership, research manage-
ment, and measuring
organizational perfor-
mance. However, they
point out the inherent
difficulty involved in
nominating tangible suc-
cess measures associated
with the more intangible
success attributes of a re -
search and development
environment. Developing
success measures for an
embryonic exploration
program focused on
leveraging basic and
applied research is par-
ticularly challenging,
given low probabilities 
of economic success and
long time frames to reach

economic discovery. So the valuation of
outcomes of collaborative research
needs to be rooted in qualitative mea-
sures, including the demonstration of
impacts on developing an innovation
culture that is at the essence of the suc-
cessful exploration team.

What do we really mean by industry-
academia collaborative research? An
example of a multiyear collaborative
research program conducted by the
authors is presented in Figure 7. The re -
search focused on developing uranium
exploration technologies in the Protero -
zoic Kombolgie Basin, Australia. Here
we show the evolution of research in a
relatively unexplored basin with a focus
on understanding the nature and poten-
tial of unconformity-related deposits.
Geologists and academic researchers
worked together to develop both pure
and applied knowledge to satisfy cor -
porate and academic organizations.

Co-authors published selected results
(e.g. Polito et al., 2004, 2005), increas-
ing the effectiveness of their discourse,
and continued to build knowledge
capacity. Opportunities for the identifi-
cation of new problems, new questions,
and new phenomena were created and
research evolved in complexity and
focus. Prototype technologies were
developed (e.g., Holk et al., 2003) with
the opportunity for application and
commercialization. Technolo gies were
developed and made available for
adoption by the exploration company.
In our model, collaborative research is
positioned as a synergistic, multiyear,
knowledge (capacity)-building activity
that satisfies both industry and aca-
demic constituencies. The onus is on
both researchers and collaborators to
co-create. Exploration company leaders
must make a conscious
decision to adopt the
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TABLE 1. A Comparison of Success Statistics for Manufacturing and the Athabasca Basin

Manufacturing Exploration 
Stage Industrial projects ideas Exploration projects targets

1 Raw ideas 3,000 Conceptual drill targets 10,000
2 Ideas submitted 300 Reconnaissance drill tests 1,000
3 Small projects 125 Showings 100
4 Significant developments 9 Advanced projects 10
5 Major developments 4 Prefeasibility 3
6 Launches 1.7 Feasibility 1.5
7 Commercial success 1 Economic deposit 1
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technology or not to adopt the technol-
ogy. The option of ignoring the oppor-
tunity to adopt the technology may be
evidence of inefficient exploration
management. 

KNOWLEDGE BROKERS: 
THE HUMAN FACTOR IN 
COLLABORATIVE RESEARCH
How can we facilitate paradigmatic
shifts in the exploration process? The
human factor in achieving successful
collaboration, effective research out-
comes, and efficient applied technology
transfer is a critical ingredient in the
recipe supporting paradigmatic shifts in
the exploration process. Much good sci-
ence never makes it to exploration
industry application. Many embryonic
research ideas and technologies gener-
ated by industry and academia are
never embraced—and as a result new
exploration paradigms are never tested.
Success in collaborative research is as
much about the development of sus-
tainable trusting and appreciative rela-
tionships as it is about creativity and
new science. It is a leadership issue.

The world is just starting to recog-
nize the role of the knowledge broker in
society (Meyer, 2010). Knowledge brokers
are individuals who create relationships
between researchers and people in
organizations. They facilitate the cre-
ation, distribution, and translation of
knowledge for the end-users. They move
knowledge and transform knowledge so
that it is more useable at the local scale.
They are change agents.

Our model of collaborative research
and practice is presented to encourage
the reevaluation of the research and
development practices of collaboration
(Fig. 8). The model of the process of

 collaborative research is depicted as a
triadic system of the academic inventor,
industry collaborator (knowledge bro-
ker), and the sponsor organization. The
focus is the research and development of
new ideas, the transmission of new ideas
to the organization through the collab-
orative intermediary, and the up take of
new ideas into the organization through
a process of learning and culture
change. An important nuance in this
model is the creative interaction between
the inventor and collaborative interme-
diary that fosters trust, respect, co-cre-
ation, and transmission of new ideas. A
dynamic leadership interaction between
collaborators and industry members
generates new ideas and is depicted as
learning strategy. The goal of the pro-
cess is to satisfy the needs of both the
academic and industry stakeholders.

Who are these innovators, collabora-
tors, and early adopters? We suggest
that they are rare individuals with
unique capacities. And when collabora-
tors and early adopters find each other
in organizational settings, significant
technological and cultural change can
be initiated, and others will follow. It is
a systemic effect. What is our evidence
beyond the anecdotal? Commons and
Bresette (2006) suggest that creativity is

facilitated by both depth
of knowledge in a field,
and breadth of knowl-
edge across other fields.
People learn with the
support of others in an
increasingly complex
way, through an evolu-
tion from reliance on
telling by others, to
mimicking, to direct
problem solving, to
problem finding, to

question-finding, and sometimes to
phenomenon-finding. Learning and
innovation are a function of human
development (Table 2). It is likely that
only individuals at late human devel-
opmental stages have the capacity to
innovate (question- and phenomenon-
finding) and that the rarity of paradig-
matic innovation can be attributed to
the paucity of individuals inventing at
late human developmental stages. Late
developmental stage (Torbert, 2004)
innovators and collaborators are also
likely adept at social interaction, and
change management and have the
capacity to introduce and disburse inno-
vation into the organizational culture.
The path from innovation to reception
and the adoption of new technologies
within a given culture is complex and
uncertain. The creative act of innova-
tion is not complete until the innova-
tion permeates the cultural milieu from
the individual to the collective. Even if
the innovator and collaborator have
the savvy to successfully launch a new
innovation into the culture, receptivity
will be a function of cultural acceptance
and readiness. Adoption will be a func-
tion of learning capacity of the recipi-
ents or culture, and tactical approaches
to teaching, training, and messaging.

Reception AdoptionInnovation

INVENTOR COLLABORATOR ORGANIZATION

Transmission Learning

CULTURE CHANGE

FIGURE 8. A system model of collaborative research.

TABLE 2. Human Development and Learning Propositions (after Commons and Bresette, 2006)

Human Human 
development development Learning Learning % of 
realm stage catalyst guide Learning support population Task

Post-typical Paradigmatic No stimulus Unassisted Novel, no tradition, <1% Phenomenon 
human unsupported finding
development

Typical to Metasystemic Stimulated Unassisted to Guided by <5%? Question finding
post-typical assisted existing tradition
human

Systemic 20% Problem finding

development Typical >70% Direct problem solving
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From this perspective it would appear
that propagation of innovation and
cultural and organizational evolution is
a political process. This puts pressure
on the pool of rare innovators and col-
laborators and early adopters to trans-
mit their messages through the com-
plex sociotechnical organizational
culture and put demands on organiza-
tional leaders to facilitate the process. 

CONCLUSION
We present a model suggesting that the
paucity of named economic discoveries
in the Athabasca Basin during the most
recent uranium exploration cycle defines
a mature and heavily explored terrain.
The recognition of inefficient explo-
ration signals the opportunity to move
to a new learning cycle for discovery.
The merits of exploring for discovery on
a third innovation exploration cycle in
the Athabasca Basin lie in the potential
for the early discovery of several very
large deposits in untested parts of a
familiar fertile basin. We argue that
one way to reach the third learning
curve is through the development and
deployment of exploration technologies
through long-term collaborative
research and development. Knowledge
brokers are unique individuals lodged
in academia and industry who work in
the shadows and have the capacity to
move and translate new knowledge
into forms that early adopters and
organizations can leverage for competi-
tive advantage. Leaders need to more
fully understand the human factor in
supporting the research and develop-
ment system to increase the probability
of discovering the next generation of
economic uranium deposits in the
Athabasca Basin, and globally.
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