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1 Synopsis 
Mineral exploration in Canada is increasingly focused on concealed and deeply buried targets, 
requiring more effective tools to detect large-scale ore-forming systems and to vector from their 
most distal margins to their high grade cores. Ore deposit models currently used in exploration are 
populated mainly by descriptive details of the structure, tectonics, and stratigraphic context of the 
deposits, their relationships to host rocks, the form of the deposits (zoning, ore mineralogy, 
geochemistry, alteration), and interpretations of the geological processes, conditions, and 
environments that led to their formation. The usefulness of these models is often limited by the 
amount and quality of the information available, and the incomplete degree to which the different 
data sets have been integrated and jointly interpreted (e.g., relating mineralogy and geochemistry 
to physical rock properties and geophysical responses). Many ore deposit models also fail to 
provide the necessary predictive capability in exploration because they lack a quantitative 
framework that can be compared directly to measurements made in the field. A new generation of 
fully integrated, multi-parameter ore deposit models is required that combines diverse data types 
to derive the most sensitive indicators of the ore-forming process and thereby greatly increase 
success in today's more challenging exploration environment. 

This project will take an unprecedented new look at the linkages between different kinds of 
geological, mineralogical, geochemical, and geophysical data at three of Canada's most important 
ore deposit types to discover new combinations of measureable parameters that define the 
footprints of the ore systems. Precisely how to achieve this remains an open question. Can we 
relate subtle changes in the mineralogy and geochemistry of alteration assemblages to changes in 
physical rock properties (e.g., density, magnetic susceptibility) and then detect these signals 
remotely with targeted geophysics? Can we better interpret geophysical signals in terms of the 
processes that are demonstrably linked to large-scale ore-forming systems? Can we increase the 
signal-to-noise ratio or identify new signals where traditional measurements have failed to detect 



Lesher – 15220 NSERC-CMIC-CRD - Integrated Multi-Parameter Footprints of Ore Systems   

 

	  

3 

the footprint of the ore system? A large group of researchers, experts at collecting and analyzing 
information on different parts of these systems, will for the first time find new ways to integrate 
vast quantities of data in order to define the next generation of exploration targeting techniques for 
a range of different deposit types.  
The proposed research is closely aligned with the process and requirements of the exploration 
business and has been developed jointly with industry through the Canadian Mining Innovation 
Council (CMIC). It is aimed at improving exploration success by developing practical applications 
and approaches to the acquisition, management, and analysis of data that can be used to identify 
the ore-system footprint at its most distant edge and at depth. This new research is expected to 
provide a foundation for technological advances in remote detection of ore deposits and for 
mapping at depth or under shallow cover. It will also provide fundamental new knowledge about 
the unique combinations of geological processes that have been responsible for some of the largest 
concentrations of metal in the Earth's crust. The footprints of these giant ore-forming systems, 
now being targeted by the exploration industry, mark the pathways through which massive 
amounts of metal are transported and concentrated. Growing interest in the development of large, 
low-grade copper and gold deposits illustrates the importance of understanding how metals are 
transported and deposited at such large scales. Although we have a general understanding of the 
mechanisms involved, the scale at which these processes operate and their record in the rocks (i.e., 
the ore-system footprint) remain poorly understood.  

At the same time, the number of detectable features in the host rocks (and derivative materials) that 
characterize the footprint of the ore system is expanding because of the increasing availability of 
new tools with greater sensitivity and lower detection limits for analysis of mineralogical, chemical, 
and physical rock properties, as well as more powerful geophysics, from airborne to hand-held and 
down-hole instruments. New inversion models to interpret the measurements and the computational 
ability to better integrate and visualize the data are being rapidly developed; however, the 
acquisition of new data is rapidly outpacing the capacity to assemble and interpret the results. A 
major goal of the industry is to be able to extract uniquely correct inversions of measurement in the 
field that can be directly or indirectly linked to ore-forming processes and thereby help to detect the 
most important signatures of the ore system. This requires not only better methods to integrate 
existing data but also “simultaneous” acquisition of new data on the same samples and cross 
sections of major ore-forming systems. For example, a wide range of processes associated with 
productive ore-forming systems, such as hydrothermal alteration, directly affect the physical 
properties of the rocks; therefore, combining alteration studies with petrophysics will provide a 
basis for better constrained and more meaningful geophysical inversions.  
Integration of different methods is at the heart of the proposed research program and the critical 
element in developing new multi-parameter footprint models of major ore systems. It has been a 
long-term goal of both researchers and mining companies to be able to routinely integrate and 
interrogate large and diverse exploration data sets in the same way the petroleum industry has 
done. This project has the potential, for the first time, to realize this goal. Researchers will acquire 
a full range of data on the same sets of samples from the same geological “slices” through key 
deposit types, maximizing the spatial overlap and context of the data sets. New combinations of 
analytical techniques and especially new methods for combining and interrogating the data (e.g., 
joint inversions of rock properties, multi-dimensional data analysis, improved visualization) are 
expected to have general application across different ore-forming systems. New tools for data 
analysis in very large databases will be tested, such as multi-dimensional regression in data cubes 
and data mining techniques, to extract the signatures of productive ore-forming systems from the 
matrix of geological, geochemical, and physical rock properties that define the ore-system 
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footprint. This research will be supported by extensive on-site fieldwork to validate the footprint 
signals, test the application of different methods in the field, and facilitate the transfer of new 
technology to the sponsor companies. 

This proposal outlines the research that will be conducted to populate the footprint models of three 
key deposit types, the tools that will be used, and the methods to integrate those data. An 
important innovation will be the implementation of multidisciplinary integrative science groups 
who will conduct joint research at focused study sites. This approach will involve a level of 
coordination and interaction among researchers in the geosciences that has not been achieved 
since the Lithoprobe Program in the 1990s and will set a new standard for collaborative 
university-industry research in Canada. Specific research activities have been designed in 
consultation with industry partners for three integrated study sites, analogous to the transect 
approach utilized by Lithoprobe. The research at each site will emphasize the integration of 
existing exploration data and in-house company knowledge with new studies, which will be 
achieved by embedding researchers with the companies and integrating industry geologists and 
geophysicists into the university teams. The research program will be guided by a Scientific 
Advisory Board comprising top experts in Canada and worldwide, will be overseen by a Board of 
Directors that includes industry members who have participated in the development of this 
proposal, and the transfer of results to the sponsors will be facilitated by a Technology Transfer 
Committee. Funding for Phase I of the project will be provided by a consortium of at least 23 
industry partners through the Canadian Mining Innovation Council ($2.5M cash + $4.4M cash-
equivalent in-kind) and by the NSERC-CRD program ($5.0M in matching funds), providing a 
total of at least $7.5M in cash support.  

2 Background 
Canada is a world leader in mineral exploration and mining technology (e.g., Jébrak and 
Vaillancourt, 2012), but the discovery of new mineral resources has declined in the last decade, 
despite increasing exploration expenditures (e.g., Duke, 2010). Because so much of the country is 
remote from infrastructure and basic geoscience knowledge is at a broad scale, exploration 
targeting is difficult and risky. In addition, future mineral resources are likely to be concealed, 
either obscured by overburden or found at greater depths in the crust. Several aspects of the 
exploration process need to be improved to adapt to this new reality, including new methodologies 
and approaches to efficiently and effectively explore at broad scales and at depth.  
The Canadian Mining Innovation Council (CMIC) was founded in September 2007 with the goal 
of addressing these challenges through research, innovation, and commercialization (see 
Unlocking Canada's Mineral Wealth: www.cmic.ccim.org). CMIC was incorporated in March 
2009 and presently has a membership of 84 exploration and mining companies, consulting 
companies and service providers, federal and provincial government agencies, universities, and 
industry associations. The Exploration Innovation Consortium within CMIC (CMIC-EIC) is 
currently leading efforts to promote new research on today's exploration challenges. CMIC-EIC 
has identified several critical questions for unlocking Canada's mineral wealth in the coming 
decade, including 1) how to explore under cover, 2) how to select mineralized terranes, 3) how to 
define the entire ore system, and 4) how to apply new technologies and methodologies in that 
search. Through an extensive consultation process, the partner companies recognized the need for 
new integrated models of large-scale ore-forming systems as a fundamental requirement of future 
exploration success. Their vision was a fully integrated matrix of geological, geochemical, 
mineralogical, petrophysical, and geophysical features (i.e., the “ore-system footprint”) for 
different ore deposit types that can be used to identify and navigate within ore-forming systems, at 
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a range of scales from the district to the local. To achieve that goal, the project proposed here was 
conceived and designed in a series of joint industry-university workshops in March, April, May, 
and September 2011, followed by site-specific consultations between November 2011 and June 
2012, and a final workshop in July 2012. An unprecedented degree of participation occurred 
during these workshops and consultations, involving more than 30 representatives from mineral 
exploration and service companies and 60 researchers from universities across Canada. 
This group recognized that the greatest competitive advantage for exploration programs is to 
improve the threshold of detection of ore systems at the district/camp scale, to move more quickly 
and effectively from the point of detection to the high grade core, and to minimize the sample 
density required to vector within the ore-system footprint. Many exploration programs are limited 
by a lack of knowledge of the ore system footprint at an appropriate scale and by the prevailing 
hope that a single parameter (the elusive “silver bullet”) could be used to detect a new orebody. 
From necessity and experience, industry has recognized that the integration of many different 
types of exploration data is now required to effectively decrease the size of their search space. 
What is of highest value to the explorer is the definition of the broadest detectable signature of an 
ore system and then the ability to vector from its distal margins to the high value target. In most 
cases there is no single parameter or data type that will be the unique identifier or vector to ore; 
different combinations of survey techniques are almost always required (e.g., Figure 1). However, 
the biggest challenge in developing multi-parameter models of the ore system has been the great 
variety of different data types that are collected, their amount and quality, and the degree of spatial 
overlap. A comprehensive approach to data collection is needed to construct a matrix of detectable 
geological, geochemical, mineralogical, and geophysical features of an ore system, along with 
careful validation that specific combinations of data can be directly or indirectly linked to the 
actual ore-forming process.  

 
 Topography Magnetics Helicopter-EM 
Figure 1. Example of multi-layered geophysical data that highlight different parts of an ore system at different scales 

(helicopter-borne EM response of disseminated pyrite associated with gold mineralization in a magnetic BIF unit: 
from Robert et al., 2007). Different combinations of such signals are required to define the footprint of the ore system, 

in this example by linking the magnetic signal of the BIF host and the EM signal of the disseminated sulfides with 
ore-related silica alteration and the distribution of phengitic white mica. Most companies already integrate geology 

and geophysics in their approach to exploration, but only a limited number of other parameters may be included in the 
exploration model. 

The requirement for multi-parameter data integration in exploration has been a major theme in the 
industry for at least a decade (e.g., see Exploration '07: www.dmec.ca). Rapid technological 
advances in the industry have resulted in the generation of huge volumes of data that are being 
collected faster than they can be assessed. As a result, they are often poorly used. Conventional 
methods of handling the data are no longer sufficient to extract their full value. Although 
developments in information technology have had a profound impact on the exploration process, 
especially visualization techniques, expensive data are regularly dismissed on the basis of 
subjective evaluations (e.g., Broome and Cox, 2007). This stems in part form a failure to 
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recognize the deposit footprint among the vast amounts of data collected (i.e., noise), insufficient 
knowledge of the right data to collect, and inadequate approaches to integration and analysis of 
data from different sources. The rigorous integration of geological and geophysical data to identify 
and rank exploration targets is common practice in the petroleum industry, but similar practices in 
mineral exploration lag significantly behind (McGaughey and Vallée, 1998; McGaughey, 2007; 
Reeckmann et al., 2007). Although it is widely acknowledged as adding value in the exploration 
process, it is rarely done. 

The extensive consultations that led to this proposal also recognized that collecting the right data 
for the next generation of ore deposit models will require a large multidisciplinary effort, 
encompassing both far-field and deposit-scale data at a number of different sites. This approach 
will have profound implications not only for the exploration industry, but also for the larger 
scientific community. Key questions that will be addressed at each study site include: 1) how large 
is the source or catchment of metals, 2) how close to the source is the site of metal deposition, and 
3) how do the physical and chemical attributes of the system, which reflect the transport and 
deposition of metals, vary in 3D away from the deposits. Research on these questions has been 
limited in the past to the types of problems that can be addressed by relatively small studies at the 
deposit scale and at relatively shallow crustal depths. Having access to more expansive data sets 
from the exploration industry, including the complete range of geological, geochemical, and 
geophysical surveys of ore systems, will pave the way to significant advances in our 
understanding of how metals are concentrated and distributed at much larger scales.  
The proposed project will involve 24 co-applicants and 18 academic collaborators from 24 
universities across Canada, and at least 26 industry collaborators from at least 23 industry partners 
with exploration interests across Canada, resulting in a level of collaboration between industry and 
academia not previously seen in mineral deposits research in Canada. We envisage a two-phase 
(5+5 year) program. Phase I, described in this proposal, will build integrated geological, 
mineralogical, geochemical, and geophysical models of ore system footprints in three data-rich 
case studies. Phase II will examine how these new models, and the methods to analyze them, can 
be exported to frontier areas where data are now being acquired. This approach will directly 
address current challenges in the exploration industry identified by CMIC and a wide range of 
fundamental scientific questions regarding the transport of metals through and localization within 
the Earth’s crust. The proposed project will engage in one group a wide range of experts who have 
previously worked separately on these common themes and will thereby maximize the impact of 
resources made available through the NSERC-CRD program and other mechanisms. 

3 Detailed Proposal 
Ore deposit models exist for most mineral deposit types, but typically have not been populated 
with quantitative data at a range of scales or for more than a few parameters. For most ore deposit 
types, the full geochemical, mineralogical, and physical rock properties of the ore system, and 
their vertical or lateral extents, have not been established. This will be addressed at a series of 
integrated study sites, along well-defined plans and cross sections of the ore systems. The initial 
emphasis will be on three of the most important ore deposit types in Canada (Archean 
disseminated Au, unconformity-type U, and porphyry Cu-Mo-Au), but a major goal will be to 
develop new approaches for footprint detection that can be exported to other geological settings 
and other ore deposit types. This approach is viewed by industry as more important than the actual 
types of ore system chosen for study and has been a major attraction for the industry partners.  
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Following are descriptions of the various components of an integrated footprint model, research 
problems that will be addressed, sites where work will be done, research methodologies to be 
used, work plans, novelties and innovations, project organization and management, and expected 
outcomes and deliverables.  

3.1 Components of an Integrated Footprint Model 
The footprint of an ore system comprises two main parts: a primary footprint and a secondary 
footprint. The primary footprint is the combination of geological, mineralogical, and geochemical 
features of the ore setting and the geophysical signatures that can be directly or indirectly related 
to these features. Beyond the orebody and its immediate alteration halo, there may also be camp-
scale manifestations of the ore system; for example, regional structures that control Archean gold 
systems and have unique geophysical or geochemical/alteration attributes that can be related to 
large-scale plumbing at the time of ore formation. The secondary footprint is the combination of 
those features that have been affected by deformation, metamorphism, and weathering, including 
dispersion outside of the bedrock environment.  

3.1.1 Geological Footprints  
The geological footprint of an ore system includes the lithological, structural, and stratigraphic 
relationships of the host sequences (e.g., intrusive history, facies relationships), their deformation 
and metamorphic history, the spatial extent and zoning of altered and mineralized rocks around the 
deposit, and the form and structure of the deposit itself. This is the fundamental layer of 
information to which all of the other attributes of the ore-system footprint are referenced. The 
geological footprints of ore systems are known to some extent by most mining companies, but not 
always at the scale and with the level of detail needed to undertake effective exploration or to 
compare with newly acquired data. Identifying the unique combinations of geological attributes 
and processes that were responsible for the formation of the deposits requires a full understanding 
of the spatial and temporal relationships of events that led to the cumulative, often overprinting, 
alteration and mineralization. Two key questions regarding the footprint of nearly all systems are 
1) what are the specific geological features of the ore-hosting environment (e.g., crustal, 
magmatic, and sedimentary architecture) that can be directly or indirectly linked to the process of 
ore formation and 2) at what scale can those features be identified?  

3.1.2 Lithogeochemical Footprints  
Exploration geologists have an advanced understanding of the lithogeochemical indicators of ore-
forming processes in many mine environments (e.g., contamination and sulfide separation in Ni-
Cu-PGE systems, fractionation indicators in intrusion-related systems, redox changes in U 
systems). Lithogeochemical markers of fluid-rock interactions in various lithologies and at various 
P-T conditions are among the most useful tools for identifying and vectoring within hydrothermal 
ore deposits. However, the full geochemical characteristics of the host rocks and alteration zones 
well beyond, and even within, most ore deposits are rarely established. Using modern, low-
detection analytical techniques, full chemical characterization of rocks present in an ore system 
(majors, traces, metals, REE, halogens) can now be achieved at the district and camp scale, 
allowing quantitative assessment of mass fluxes into and out of a system. Different combinations 
of these changes, commonly expressed as geochemical indices, greatly increase the signal-to-noise 
in the lithogeochemical footprint and are key vectors in exploration. At the same time, mass and 
volume changes during alteration have a direct impact on the physical properties of the rocks and 
therefore can be related to specific geophysical responses. Establishing these relationships is a 
requirement for selecting the best geochemical and geophysical tools to apply in exploration.  
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3.1.3 Mineralogical Footprints 
Most ore deposits and their altered host rocks include a suite of indicator minerals that are specific 
to alteration or mineralizing processes and can be used to signal the presence of a deposit in a 
variety of media, including post-mineral bedrock and surficial cover. In almost all cases, detailed 
paragenetic relationships, mineral-chemical compositions, spectral signals, and isotopic 
compositions vary with proximity to and distance from the ore zones. Numerous case studies have 
been presented, but these variations have not been uniformly tested or validated across a range of 
deposit types. The mineralogy of barren systems is often similar to that associated with economic 
mineralization, with only subtle mineral chemical and/or isotopic differences that are poorly 
understood. A particular challenge in the Canadian context is to identify the equivalency of 
alteration mineral assemblages at different metamorphic grades, as well as in different protoliths 
and geological environments. Although parts of this puzzle have been assembled, a complete 
picture of the mineralogical footprint of most ore deposit types is still lacking. Applications in 
day-to-day exploration also require new techniques for mineral identification and rapid chemical 
analysis that are sensitive to the differences between barren and mineralized systems, but that also 
allow the use of less costly sampling methods (e.g., reverse-circulation drilling) and automated 
analysis. 

3.1.4 Surficial Footprints 
Multi-element geochemical data sets are now routinely obtained by exploration companies in the 
search for ore system signals in altered and unaltered rocks, but data on secondary dispersion in 
soils, tills, and stream sediments are not commonly measured and are poorly linked to the 
lithogeochemistry of the host rocks or alteration. This is partly due to the fact that there is 
comparatively little expertise in Canada in fingerprinting the signatures of ore deposits buried 
under surficial sediments or understanding of the surficial geochemical dispersion processes (e.g. 
glacial, fluvial, and soil processes). A limited number of ore elements are commonly analyzed 
immediately overlying deposits, but few surveys have tested the full range of elements or other 
aspects of the overburden geochemistry, such as indicators of altered lithologies, possible 
hydrogeochemical signals, or unconventional tracers of secondary dispersion (e.g., gases, heavy 
metal isotopes). Linking deep deposits to the surface materials requires a better understanding of 
which elements are mobilized from depth, how these elements are dispersed, and what processes 
control movement of these elements. Most ore deposits also contain minerals known to be 
resistant to weathering in tills. Because the resistate minerals are often dispersed in relatively 
predictable ways within the overburden, they provide a means to assess mineral potential at a 
district scale, but little has been done to integrate indicator mineral assemblages into existing 
footprint models. The surface materials may also have distinct geophysical responses that, at the 
very least, must be isolated from deeper responses. 

3.1.5 Geophysical Footprints 
Among the most important aspects of the proposed research is to develop the ability to remotely 
detect rocks that have been affected by ore-forming process. Recent advances in airborne 
geophysical surveys now permit the acquisition of gravitational gradiometry, total field intensity 
magnetometry, magnetic gradiometry, time-domain electromagnetic data, and magnetotelluric 
data at unprecedented resolution and at reasonable cost. These data are increasingly available, but 
their full potential has not been realized in most cases for lack of a clear understanding of the 
likely geophysical footprint of different parts of the ore system. Detecting alteration and 
mineralization and delineating different rocks masses that are most relevant to ore formation may 
require the integration of several different geophysical signals. Combinations of rock density, 
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magnetic susceptibility, and resistivity contrasts offer the potential to resolve these different parts 
of the ore system at different scales. Although individual surveys are commonly completed (e.g., 
gamma surveys to map potassium alteration), added measurements that could be easily acquired at 
the same time or in the same hole are often not made. The challenge is to know what 
complementary data to collect in what ore systems. Novel geophysical footprints may also be 
detectable (e.g., radioactivity, heat flow, seismic velocity) where other potential field data have 
failed to indicate the presence of the ore.  

3.1.6 Petrophysical Footprints 
In order to interpret the geophysical responses of different parts of an ore system, complete 
datasets on the mineralogy, geochemistry and physical rock properties of the rock masses are 
required. Measurements of physical rock properties provide the essential links between geological, 
mineralogical, geochemical, and geophysical data in an integrated footprint model. Key attributes 
include density, permeability and porosity, magnetic susceptibility, electrical properties, 
radioactivity, seismic velocities, thermal conductivity, and hyperspectral, which must be measured 
on the same samples used to define other attributes of the ore system. Both mineralogical and 
geochemical changes caused by ore-forming fluids, such as demagnetization and mass 
gains/losses, have the potential to be quantitatively modeled in terms of physical rock properties 
that may then be detected with both surface and airborne geophysical methods. From the 
petrophysical and geological attributes, forward modeling provides the basis for predicting the 
geophysical signature of different features of the ore system at a variety of scales, while inversion 
modeling of field data (e.g., magnetics, gravity, EM, seismic, gamma spectrometry, etc.) are used 
to help “image” features in the subsurface. Geological interpretation of those images has been 
limited to qualitative assessments owing to a lack of knowledge of the physical properties of 
relevant materials (e.g., Williams and Dipple, 2007). A major challenge is that many different 
estimates may be consistent with the acquired data. By applying geological constraints, including 
good physical property measurements and an understanding of the geological, geochemical or 
alteration environment, it is possible to explain the geophysical data with a more realistic model, 
but such "constrained" inversions are rarely done. 

3.1.7 The Footprint Matrix 
Modern mineral exploration surveys generate large amounts of data and most of that data is 
available in georeferenced digital format. What may appear as a nuanced response in one type of 
detector/system can also produce a complementary response in another type of detector/system. 
Thus, the multi-parameter exploration data that define an ore-system footprint (geological, 
lithochemical, mineralogical, surficial, petrophysical, geophysical) can be viewed as part of a 
multi-dimensional matrix or "data cube" (e.g., Figure 2). Each attribute of the footprint, for 
example a fault or a favourable lithology, has its own geochemical, mineralogical, and physical 
rock properties at different scales. Through careful systematic combinations of the various data 
sets it should be possible to increase the signal associated with the mineral deposit while 
diminishing the noise associated with regional geology. As the input data are almost always 
numerical (or can be encoded numerically), non-linear multivariate correlations, cluster analysis, 
factor analysis, and other multivariate statistical methods can be applied to all of the data to 
identify the best combinations of parameters for vectoring towards high grade mineralization or 
defining the ore-system footprint at different scales. Eberle and Paasche (2012) and Barnett and 
Williams (2012), for example, have described examples of how statistical methods can be used to 
derive more quantitatively valid geological and exploration maps.  
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Figure 2. Schematic representation of a multi-dimensional footprint matrix. Integration of the different elements of 

this data structure will be the fundamental basis for identifying the most important and useful combinations of 
exploration parameters for different ore systems. 

3.2 Research Problems 
Although we plan to apply the research concepts and methodologies in this project to other ore 
deposit types, three deposit types have been chosen for Phase I of this project: 1) Archean 
disseminated gold, 2) unconformity-hosted basinal uranium, and 3) porphyry copper-
molybdenum-gold. The research problems for these deposit types are described below. 

3.2.1 Archean Disseminated Au Deposits  
Most large Archean gold deposits occur in deformed greenstone terranes in proximity to long-
lived, major compressional to transtensional crustal-scale fault zones (e.g., Groves et al., 2003; 
Robert et al., 2005; Dubé and Gosselin, 2007). At the local scale, the gold deposits are controlled 
by secondary structures, are spatially associated with various generations of intrusions, and exhibit 
a variety of mineralization styles. Many detailed studies have been conducted at the deposit scale, 
but much uncertainty remains in the exploration models, particularly for mineralization associated 
with intrusive rocks (e.g., Goldfarb et al., 2005; Kitney et al., 2011). Only a few investigations 
have addressed the camp-scale footprints of orogenic gold systems and what vectors can be 
applied to mineral exploration within those footprints (e.g., Czarnota et al., 2010). This poses 
major challenges for regional exploration programs, especially for large-tonnage low-grade 
deposits that are currently being sought. Such deposits can reflect a complex interplay between 
primary or secondary permeability of the host rocks, and fine to coarse brittle fracturing due to 
faulting and intrusive activity at the camp scale. The exploration challenge in these deposits is to 
recognize the significance of the outer, non-mineralized alteration systems, and to develop a 
variety of indicators (lithogeochemical, mineralogical and geophysical) that can be combined to 
vector towards the mineralized center. Effective exploration is also challenged by the considerable 
variability in the styles of mineralization, structural and lithological controls, geometries of the 
orebodies, and the mineralogical and geochemical characteristics of ore and alteration (proximal 
and distal) within a single district, and the apparent lack of distinct geophysical signatures. 
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Several fundamental questions need to be addressed to improve the footprint model of this deposit 
type. How can we distinguish the critical structures that control the mineralization at the camp and 
deposit scales from other elements in the architecture of a district? What is the genetic relationship 
between mineralization and possibly coeval intrusions? What are the signatures of the specific 
fluid/rock interactions that are crucial in ore formation and transformation? What is the cumulative 
footprint of highly complex multi-stage Archean gold systems? How do they differ among large-
tonnage bulk-mineable deposits and smaller high-grade vein systems that are increasingly 
recognized within the same district? Are large low-grade disseminated deposits formed by the 
same fluids/processes as narrow vein systems? What are the geophysical and geochemical 
attributes of multiple overprinted systems that comprise the largest deposits? Little is known about 
the physical properties of the ore-hosting stratigraphy that might be amenable to geophysical 
detection. 

3.2.2 Unconformity U Deposits  
Sedimentary basins currently supply about 70% of the world's uranium, and their substantial sizes 
make these basins the most promising targets for future exploration (e.g., Cuney and Kyser, 2008). 
Canada's most important uranium deposits have been discovered in Proterozoic sedimentary 
basins, although the Athabasca Basin is the most significant. These deposits are commonly 
spatially associated with the unconformity at the base of these basins (e.g., Kyser and Cuney, 
2008), with recent discoveries at depths up to a kilometer and all current targets being under cover. 
Exploration for uranium deposits has relied heavily on the radioactivity and redox-reactive nature 
of uranium that result in both physical and geochemical anomalies relative to background. 
However, the deposits themselves are volumetrically small (individual zones within mineralized 
trends typically being tens to a few hundred metres long and a few tens of metres wide and thick). 
As a result, the emphasis has been on the ability to remotely map prospective structural settings 
and to detect the larger subsurface alteration developed during fluid flow within the host 
sedimentary basin. There has been widespread recognition that aquifer- or structurally-controlled 
fluid flow played a key role in the formation of large-scale diagenetic and hydrothermal alteration 
throughout the basins (e.g., Kotzer and Kyser, 1995; Hiatt and Kyser, 2007; Cui et al., 2012). The 
challenge has been to distinguish the alteration associated with uranium-bearing versus barren 
fluids, to distinguish between pre-, syn- and post-mineralization hydrothermal effects, and to find 
the appropriate mineralogical and geochemical (including isotopic) signals that directly vector 
towards uranium mineralization within the alteration zones. 

Although exploration has historically focused on unconformities, and especially graphitic bodies 
that potentially controlled uranium deposition, recently discovered deep deposits, such as 
Centennial and Millennium in the Athabasca Basin, have shown that some uranium mineralization 
can occur above and below the unconformity and at some distance from graphitic bodies. In the 
Athabasca Basin, Cameco has made use of extensive research on the history of the basin to help 
identify mineralized corridors controlled by basement faulting and terrane boundaries that were 
important conduits for the movement of fluids. Exploration of these corridors is complicated by 
later faults that may be post Athabasca or, in some cases, growth faults related to the basin 
formation. The different fault systems have complex histories and varying morphologies that 
controlled uranium-bearing fluid flow both during and after the mineralizing process. Illite-rich 
alteration zones are recognized at the scale of the hydrothermal corridors and appear to define the 
outer extent of the mineralizing systems. This is critical, as non-conductive deposit types are now 
being recognized that formed away from the major structures. 
Entirely new exploration approaches need to be developed that account for the different types of 
deposits now being recognized in the Athabasca Basin (e.g., Powell et al., 2007). This includes 
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identification of the metal sources, processes responsible for the development of fluid migration 
pathways and the full range of physical/chemical traps for ore and its secondary remobilization. 
Questions that need to be addressed include: Which lithostructural settings efficiently focus fluid 
flow and precipitate uranium and how can these be geophysically mapped under cover? What is 
the sequence of hydrothermal events and ore formation along and away from ore-controlling 
structures? How do different basement rocks, basement relief and structures affect the distribution 
and expression of alteration and variation of elements in the overlying sandstones? What are the 
petrophysical characteristics of subtly and intensely altered sedimentary and basement rocks, and 
what geophysical techniques can be used to map them under cover? What controls the transport of 
uranium and associated elements to (and subsequently away from) the different uranium deposit 
types, particularly at low temperatures where these components may be mobilized out of the 
deposit? How does the spatial distribution of surficial geochemical anomalies relate to 
mineralization and faults in the basement rocks and overlying sandstones? In summary, how can 
the integration of geological, geophysical, petrological, mineralogical and geochemical data help 
detect blind deposits along these structures and, ultimately, what is the most efficient way of 
detecting and imaging mineralization at depth?  

3.2.3 Porphyry Cu-Mo-Au Deposits  
Porphyry systems typically involve 100s of cubic kilometers of the upper crust, and their footprint 
may be as much as 10 km across and at least 5 km vertically (e.g., Seedorff et al., 2005; Sillitoe, 
2010). Where they outcrop the main parts of the system are relatively easy to recognize, but in 
covered terrane the discovery of new deposits is particularly challenging. In western Canada, 
exploration is further complicated by the fact that most of the porphyry systems have been 
deformed; some are only tilted, but others are complexly faulted. This presents a challenge to 
modeling but also an opportunity to examine many sections of the alteration footprint, both 
laterally and vertically. Although the genetic model for porphyry Cu deposits is conceptually well 
known, there are many gaps in understanding that limit the ability to discover new deposits under 
cover. The broad-scale, zoned alteration is typically a product of at least two fluids: a magmatic 
fluid exsolved from a hydrous and oxidized magma chamber at depth and groundwater that enters 
the system by thermally-driven circulation focused above cupolas on the deeper magma chamber. 
There is little mixing between the two fluids at the level of metal deposition, but as they rise above 
the mineralized zone, the fluids interact along the margins of the vertically expanding magmatic-
hydrothermal plume. The alteration is easiest to recognize in the magmatic-dominated central part 
of the system, but the peripheral alteration is often cryptic and only detectable where subtle 
gradients can be mapped with large amounts of outcrop. A major challenge in characterizing and 
even recognizing the margins of porphyry systems, and especially vectoring within the alteration 
footprint, is superposition (in time and space) of a range of alteration mineral assemblages from 
the different fluids involved. This superposition has a significant impact on the mineralogy, 
geochemistry, and physical properties of the rocks, and depending on depth of exposure, a may be 
a wide range of mineral assemblages and trace mineral compositions in the different alteration 
zones.  

Since the 1960s, exploration in western Canada has identified numerous prospects, and many have 
been put into production. Research by the mining industry, the federal government, and provincial 
geological surveys, as well as Geoscience BC, also has greatly increased knowledge of the 
variability of porphyry-type deposits in British Columbia. But, there has been little effort to 
combine new knowledge from disparate studies and to construct a model that can be more 
rigorously applied to exploration under cover and to possible future deep mining of porphyry 
systems. Several fundamental questions need to be addressed to improve that model. How do we 
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map the subtle distal alteration zonation in areas of little outcrop? What is the nature of the 
vertically extensive alteration zonation in porphyry systems? What is the effect of the different 
types of alteration (magmatic, meteoric) on the physical rock properties and the geophysical 
signature of different alteration zones? What are the likely resistate minerals crystallized within 
the magmatic-hydrothermal plume that could be detected in transported/weathered materials at 
surface? To answer these questions, the Footprint Project aims to fully characterize a significant 
porphyry system, including variations in the mineralogy and geochemistry of the alteration from 
proximal to peripheral settings, the geophysical signatures of the rocks, and how the mineralogical 
and chemical changes are manifest in the surficial environment after glacial dispersion and soil 
development. Establishing a large number of high quality data layers for a single system, 
including new geological, geochemical, geophysical, petrophysical and other data, will provide a 
foundation for a fully integrated model of the footprint.  

3.3 Research Objectives 
• To develop comprehensive and robust models of the footprints of large-scale ore-forming 

systems at 3 integrated study sites, combining geological, mineralogical, geochemical, and 
petrophysical rock properties from the local to the camp scale. 

• To develop novel methods for integrating and interrogating multiple data sets that will enhance 
the exploration process and, at the same time, answer fundamental questions about the origins 
of large-scale ore-forming systems. 

• To identify the best combinations of geological, mineralogical, geochemical, and geophysical, 
tools to detect the footprint of major ore-forming systems, with an emphasis on future 
discoveries of blind deposits or deposits in areas with little geological data. 

The research will employ both new and traditional exploration tools to identify the ore-system 
footprints and explore the trade-off between resolution and cost of different methods. This will 
ensure rapid uptake of the research results by industry. Advances in technology that are providing 
a vast range of new analytical tools for the exploration geologist also will be tested. Some are 
relatively simple to apply, whereas others require significant expertise and access to expensive 
equipment; some are not easily transported into an exploration context or do not provide data in 
real time critical to exploration decision-making. This situation requires that the explorationist and 
the researcher work together and have a shared understanding of the best measurements to make 
with the new technologies at the earliest possible stage in the exploration process.  
The proposed research will reveal what data are valuable, when new data should be acquired, how 
they should be acquired, what density of data is needed, what level of accuracy/reliability is 
required, and how the data should be organized and integrated in an ongoing fashion so that the 
results can directly benefit the research and exploration workflow.  
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3.4 Study Sites 
It was recognized early in the consultation process between the researchers and the sponsors that 
the greatest advances would be made at multiple study sites that encompass a range of ore-forming 
processes (magmatic vs. hydrothermal vs. basinal), geological environments (deep vs. shallow 
crustal), and geochemical, mineralogical, petrophysical, and geophysical attributes. The three 
study sites that have been selected include world-class deposits of Archean disseminated Au, 
unconformity-associated U, and porphyry Cu-Mo-Au (Figure 3): 

• Canadian Malartic disseminated Au deposit in “northwestern” Québec 

• McArthur River - Millennium unconformity-associated U trend in northern Saskatchewan 

• Highland Valley porphyry Cu-Mo-Au deposit in south-central British Columbia 

The selection criteria included accessibility for a large multidisciplinary research team, availability 
of data, and opportunities for the widest range of mapping and sampling. The potential for 
partnerships with other research projects (see Relationship to Other National and International 
Research Initiatives) was also considered. Conducting research at a number of sites will allow 
specialized researchers to contribute to studies in more than one area. All of the companies 
consulted in this process agreed that any meaningful new exploration methods developed for one 
deposit type would likely be transferrable to exploration for other mineral deposit types.  

 
Figure 3. Major lode gold, uranium, and porphyry copper of Canada with approximate in situ metal value in Canadian 

dollars (from Mineral Deposits of Canada, MDD Special Publication No. 5, 2007). Location of the three integrated 
research sites proposed for the Footprints Project are highlighted. 
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3.4.1 Canadian Malartic Disseminated Au System 
Site Selection – There are several important operating gold camps in Canada, including Timmins, 
Canadian Malartic, Val d’Or, Kirkland Lake, Red Lake, Beardmore-Geraldton, Musselwhite, and 
Detour, and the Eleonore deposit. The site selected for this case study is the Canadian Malartic 
deposit (Wares and Burzynski, 2011), where Osisko Mining Ltd. has offered logistical support and 
the proposed research can be partnered with a new joint federal-provincial TGI-4 project at the 
mine. Canadian Malartic is located within the Archean southern Abitibi subprovince near the town 
of Malartic, Quebec. It is a large-tonnage, low-grade Archean gold system, with some similarities 
to other large deposits in the Abitibi (Detour, Hollinger-McIntyre: Bateman et al., 2008). Mining 
at Canadian Malartic began in high-grade vein systems which occur at the centre of the larger 
disseminated gold deposit in sediments and intrusive rocks of the Pontiac Group south of the 
Cadillac break (Sanfaçon and Hubert, 1990). The ore zones are focused around a segment of the 
Cadillac Fault system, known locally as the Malartic Tectonic Zone, where it forms the contact 
between Cadillac siliciclastic strata to the north and the Pontiac metasedimentary rocks to the 
south (Figure 4). Between these two sedimentary rock groups lies a fault-bounded wedge of 
komatiitic and tholeiitic basalt known as the Piché Group (Figure 5). Both the Pontiac and Piché 
group rocks are intruded by a series of aphyric to feldspar porphyritic sills. This group of 
sedimentary strata, mafic-ultramafic volcanic rocks, and granitoid bodies was host to four past-
producing gold mines over a strike length of 3.5 km with a cumulative production of 8.7 Moz Au. 
The present Canadian Malartic mine is developing a large open pit operation to exploit the 
disseminated gold deposit, which consists of a continuous shell of 1-5% disseminated pyrite 
containing fine native gold and traces of chalcopyrite, sphalerite, and tellurides. NI 43-101 proven 
and probable reserves for the Canadian Malartic mine are 48.7 Mt of 0.8 g/t Au and 295 Mt of 1.0 g/t 
Au, respectively, for a total of 10.3 Moz. (Belzile, 2009). The gold resource is mostly hosted by 
altered clastic sediments of the Pontiac Group (70%) overlying an epizonal dioritic porphyry 
intrusion. A portion of the deposit also occurs in the upper portions of the porphyry body (30%). 
Osisko technical staff believe that the close spatial association between voluminous, low-grade, 
disseminated gold mineralization and epizonal, intermediate porphyry intrusions, as well as the 
presence of widespread potassic alteration throughout the system, are the hallmarks of an Archean 
porphyry gold system.  

Existing Data – Canadian Malartic first opened in 1935, following exploration that began in the 
1920's. Although there is much historical data, the current project will utilize mainly the data that 
Osisko has generated since 2005: 845,758m of drilling, over 590,000 gold assays (with only 
limited whole-rock geochemical analyses done mainly by the Williams-Jones group at McGill), 
ground radiometrics (K only), airborne radiometrics, induced polarization, and airborne 
electromagnetics, and magnetics. Some petrophysical data are also available on the Malartic 
breccia (M. Jébrak’s group at UQAM). 
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Figure 4. Location of the Canadian Malartic gold deposit 

 

Figure 5. Geology of the Canadian Malartic gold deposit 
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3.4.2 McArthur River – Millennium Basinal Uranium System  
Site Selection – The major investment in exploration for uranium in Canada is in the Athabasca 
Basin, which hosts the largest and highest-grade uranium deposits in the world. Other Proterozoic 
sedimentary basins in Canada, such as the Thelon, Otish and Hornby Bay basins, have potential to 
host similar deposits, but none of these have yet matched the uranium endowment in the 
Athabasca Basin. The Athabasca Basin has had the benefit of focused research on the 
lithostratigraphy and sedimentation, structural geology, diagenesis and alteration, fluid 
characteristics, geochronology, lithogeochemistry and surficial geochemistry, and exploration 
geophysics by a number of universities, the Geological Survey of Canada, the Saskatchewan 
Geological Survey, the Saskatchewan Research Council, and by the companies directly involved 
in uranium exploration and mining. The focus of the proposed research will be on one of the most 
important structural corridors of the eastern Athabasca Basin, extending from the Millennium 
deposit to the McArthur River deposit (Figures 6 and 7). This area contains a number of different 
deposit types and showings, at variable depths and with variable grades, alteration, and surface 
conditions. It provides the opportunity to unravel the key geological and geochemical parameters 
that controlled uranium deposition at both a classic conductor-associated deposit at the 
unconformity (McArthur River) and an off-conductor deposit hosted in the basement 
(Millennium), and also to understand the controls on mineralization and alteration at a much larger 
scale. Cameco, as the operators of the mines and exploration properties, has offered logistical 
support for this study. The research site is defined by the boundaries of several contiguous 
Cameco-operated joint venture exploration projects, that include the McArthur River, Read Lake 
and Cree Extension areas (approximately 40 x 10 km) and extends from the McArthur River 
deposit in the northeast to the Millennium deposit in the southwest (see Figure 11 further below). 
The Millennium-McArthur River corridor includes numerous NE-SW structures and conductors 
that are spatially associated with the transition between the Wollaston and the Mudjatik domains 
in the underlying Archean and Paleoproterozoic basement rocks. The clastic sediments of the 
Athabasca Basin rest unconformably on these basement rocks. This trend will be the focus of 
exploration activity by Cameco and others in the Athabasca Basin over the next few years. The 
project will build on previous studies along the trend, such as Cameco’s internal “McArthur River 
Integration Project”, and the EXTECH IV Athabasca Uranium Multidisciplinary study (Jefferson 
et al., 2007). 
The McArthur River deposit was discovered in 1988 at a depth of 530m, started full production in 
2000, and is the largest high grade uranium deposit in the world. Past production to the end of 
2011 totalled 211.8 million pounds of U3O8 from 699,873 tonnes of ore at an average grade of 
13.73% U3O8. Reserves, and measured, indicated and inferred resources at the end of 2011 
amounted to 483.6 million pounds in 1,463,500 tonnes of ore at an average grade of 14.99% U3O8. 
It is associated with the intersection between moderately-dipping reverse faults, the unconformity, 
and the contact between conductive, graphite-rich pelitic gneisses and meta-quartzites of the 
Wollaston Group. In contrast, the Millennium deposit, which was discovered in 2000 at a depth of 
650m, is located in, locally graphitic, pelitic to semipelitic gneisses approximately 100 m below 
the unconformity and in the footwall of the dominant conductive graphitic fault. The indicated 
resource at Millennium is 50.9 million pounds U3O8, contained in 507,800 tonnes at a grade of 
4.55% U3O8. An additional inferred resource of 16.7 million pounds U3O8 is contained in 297,800 
tonnes at a grade of 2.54% U3O8. Initial drilling at Millennium targeted the regional-scale 
conductor, termed the B1 conductor, which was identified in early airborne EM surveys and 
further defined using fixed loop TDEM survey techniques. However, mineralization was actually 
intersected to the west of the B1 conductor, following several drill stepouts and a stepwise moving 
loop TDEM survey.  
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Figure 6. Geology of the Athabasca Basin, showing the location of the P2 McArthur River-Millennium Trend in the 

southeast corner (adapted from Jefferson et al., 2007). 

 
Figure 7. View of the McArthur-Millennium trend with the McArthur headframe in the background (courtesy of 

Cameco Corp.). Limited outcrop in the Athabasca Basin is a major challenge for exploration. 
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Although the moving loop EM technique produced significantly better resolution of conductors 
(Powell et al., 2007), the challenge is still to identify the conductor that is intimately associated 
with mineralization. Cloutier et al. (2009) describe the geology and characteristics of the alteration 
and associated fluids, and emphasize that the Millennium deposit contains muscovite>chlorite 
alteration rather than the chlorite> muscovite alteration seen in other basement-hosted deposits 
(e.g., Rabbit Lake, McArthur River Zone 2). 
Existing Data – Cameco will provide access to over 30 years of exploration data. There is little 
outcrop, so only limited geological mapping, but 696 diamond drill holes totalling 432,706 metres 
in the study area have been drilled by Cameco and JV partners or predecessor companies 
(including holes drilled from surface to target, wedge holes, and abandoned holes). Invoiced 
drilling costs (not including geology, geochemistry, etc.) are $125/metre so the cost of drilling 
these holes today would be $54M. Cameco has data for 40,767 lithogeochemical (drill core) 
samples from the study area in their database. These represent different generations of data, some 
U with a select suite of pathfinders but much using a 55 element package done at the SRC lab. 
Cameco has comprehensive airborne magnetic coverage, extensive airborne and ground EM 
coverage, selective ground resistivity and gravity coverage, and possibly some airborne gravity 
coverage. Importantly, they also have the EXTECH IV seismic survey and their own local seismic 
surveys at Millennium and on the Read Lake project. Almost all drill holes will have borehole 
total gamma (radiometrics), most have mineral spectroscopy data (Integrated Spectronics PIMA® 
or ASD TerraSpec®), and selected holes have borehole sonic or resistivity surveys. There are 
local surficial geochemical surveys but two layers that give pretty comprehensive coverage are 
lake sediment geochemistry (compiled by Cameco from various sources) and boulder sampling 
geochemistry and mineral spectroscopy. 

3.4.3 Highland Valley Porphyry Cu-Mo-Au System  
Site Selection – Most of the known porphyry deposits in Canada are located in the Cordillera of 
British Columbia and Yukon, including some large mining operations that have been in 
production for decades and some for at least 100 years (e.g., Lang et al., 1995; McMillan et al., 
1995). They range from giant porphyry Cu-Mo systems (Highland Valley, Gibraltar, Casino) to 
the smaller Cu-Au systems (Mt. Polley, Copper Mountain), each with slightly different alteration 
footprints and thus exploration challenges. The proposed study site is the Highland Valley Copper 
(HVC) system in south-central B.C., the largest known porphyry system in Canada (Figure 8).  
The HVC camp comprises 5 orebodies (Valley, Lornex, Bethlehem, Highmont and JA) within a 
15 km2 area at the core of the Upper Triassic Guichon Creek batholith (Figure 9: McMillan, 1985; 
Casselman et al., 1995). The Craigmont Cu-Mo deposit lies along the southern margin of this 
intrusive complex. Production began in 1962 and has continued intermittently until the present 
time. All HVC operations have now been amalgamated under the ownership of Teck Resources 
Limited. 
The HVC system was originally a resource of more than 1.2 Bt of 0.3% Cu and 0.01% Mo; proven 
and probable reserves as of 2011 are 623.7 Mt of 0.3% Cu and 0.01% Mo. The overall system 
includes a number of different styles and geometries of deposits and a mix of open pit and buried 
undeveloped orebodies. Because of the long history of mining, there is a wide range of legacy 
data, much of which has recently been updated in compilations by Teck. HVC is now the focus of 
increased exploration by the company, which will facilitate in-kind operational support. Several 
PhD investigations have been completed on parts of the system (Briskey and Bellamy, 1976; 
Jones, 1975; Osatenko and Jones, 1976; Briskey, 1981), followed by a recent TGI-3 study of the 
batholith (Anderson, 2012) and a MDRU research project on the alteration around two of the 
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deposits (Alva, 2011). These studies provide an important foundation for advancement of the 
Footprints Project. 
 

 

 
Figure 8. View of the Highland Valley Copper district looking south from the Valley open pit towards the 
Lornex and Highmont deposits and illustrating the nature of the cover (photo courtesy of R. Anderson). 

 
Existing Data – There have been about 40 years of past investigations that are variably recorded 
in theses and geological survey publications, as well as perhaps 100 geochemical analyses and 20 
age dates, but except for some recent MDRU projects, essentially zero geoscience has been 
undertaken at Highland Valley for about 20 years. Teck is in the process of compiling and 
initiating a new era of geoscience for discovery, so this project will catalyze and accelerate that 
process and generate new data for integration and interpretation. 
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Figure 9. Geology of the mid-Triassic Guichon Creek batholith, which is host to the Highland Valley Copper district. 

The five known Cu-Mo deposits are within different intrusive phases of the batholith (pink through yellow), which 
intrude the Nicola Group volcanic strata (green) (from McMillan, 1985). 

3.5 Research Methodologies 
The research will encompass full ore systems from distal edges to ore zones, both at surface and at 
depth, and including the highest density of data and sampling opportunities. The project will use 
both new and legacy data, but will emphasize multi-parameter measurements on the same samples 
at each site. In general, such data sets do not exist for most deposits. To avoid the strong tendency 
to expand sampling in different directions for different types of studies, the work research will 
focus on a limited number of representative cross sections and surface/level plans through each ore 
system (e.g., encompassing no more than 10 km by 10 km). Initial efforts will be to adequately 
define the geology on the sections a critical foundation and then to characterize all key parameters 
along those transects, maximizing spatial overlap and integration of different data sets. A unique 
aspect of the project is that the same teams of researchers will work on all three sites to ensure a 
uniform approach to defining the ore-system footprints.  
Comparing the new findings with existing exploration data sets at each site will be a key step in 
establishing the best approaches and data density to detect similar footprints in other systems, 
beyond the deposit or in other districts, and will provide a first-order validation of the targeting 
techniques. In each case study, careful consideration will be given to the scale of the footprint to 
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work on, to better define the limit of potentially detectable features and to avoid oversampling 
beyond those features. Although understanding the individual parts of the ore system is important, 
this is not, in itself, a primary goal of the project. Rather, the emphasis is on the particular 
combinations of features that are directly or indirectly related to the ore formation and that 
companies can identify in the early stages of an exploration program.  

Below is a summary of the research methods that will be applied in each case study; details of the 
specific studies planned for different sites are provided further below (see Work Plan). 

3.5.1 Geology 
Geological maps and cross sections of the study sites will be compiled and integrated with existing 
lithogeochemical, surficial geochemical, geophysical, and petrophysical data. This essential step, 
to be supervised by embedded researchers at each site, is required to capture all relevant 
information available from the companies, to determine the critical data gaps, both in terms of 
quantity and quality of data, and to ensure that new data do not duplicate existing results. Where 
available, the project will also build on data that are available in public databases from major 
publicly funded initiatives (e.g., NRCan's Exploration Science and Technology Program 
EXTECH, and the ongoing Targeted Geoscience Initiative, TGI-4). As the geological model is the 
fundamental layer from which all other data will hang, it will be necessary to level the mapping in 
areas with incomplete or inadequate information at both the deposit scale and district scale, 
incorporating surface outcrops, underground or pit mapping, and drill core logging. In the first 
phase of each case study, the main mapping and core logging effort will be at the deposit scale 
(e.g., 25 km2, including the distal alteration and chemical haloes), expanding outward to the camp 
scale (e.g., 200-400 km2 for lode gold deposits) as the ore-system footprint is better defined. 

The geological work will be done on site with the assistance of the host companies and will 
involve (access permitting) mapping/logging, sampling, and in situ 
pXRF/SWIR/hyperspectral/gamma-ray spectrometry measurements of available outcrops and 
selected diamond drill core cores for lithological, structural, textural, and compositional 
information relevant to the footprint. Osisko will provide one new diamond core in an area to be 
selected by the researchers that will provide information and samples for the project in an area that 
is not on the exploration grid or an existing geophysical anomaly. 

3.5.2 Mineralogy and Geochemistry 
Complete mineralogical and geochemical characterization will be carried out on all samples across 
the study sites, with an emphasis on the ore-hosting lithologies and alteration zones at and well 
beyond the deposit footprints, including the suites of indicator elements and minerals that may be 
present in various surficial materials. This will involve whole-rock major /trace element 
geochemistry to understand effects of alteration and to develop alteration indices, document 
zoning and primary or secondary metal dispersion around the deposit, and mineral-chemical 
studies to document variations, subtle or otherwise, in the composition of alteration and fracture 
minerals. Many companies routinely obtain multielement data but have never fully interpreted 
these results; in other cases, the number of samples collected and the manner in which they have 
been analyzed is limited by funds. A major problem for comparing data sets is incomplete or 
inappropriate analyses for many samples, as a result of improper sample preparation, partial 
dissolutions, missing elements, or different methods applied to different suites of samples. 
Selected rock samples will be analyzed for all major and minor elements by WD-XRFS1, ICP-
                                                
1 Analytical Abbreviations: ED – energy-dispersive, EPMA – electron probe microanalysis, GCMS – gas 
chromatographic mass spectrometry, GSMS – gas-source mass spectrometry, ICP-AES – inductively-coupled atomic 
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AES, and ICP-MS in commercial laboratories known by the researchers to produce accurate and 
precise data. Additional analytical work, as needed, can be done at any of the university 
laboratories (e.g., Memorial, Western, Windsor, Saskatchewan, UBC). Osisko and Cameco will 
provide access to their well-characterized in-house geochemical control samples, and other well-
characterized standards and sample duplicates and will be used to evaluate accuracy and precision. 
Stable and radiogenic isotope analyses, as needed, will be done at any of several university 
laboratories (e.g., Alberta, Ottawa, Queen’s, Saskatchewan) using TIMS, GSMS, and GCMS 
methods. The mineralogy of all samples will be characterized by a combination of optical light 
petrography, scanning electron microscopy, XRD/Reitveldt, SWIR, textural analysis (e.g., MLA), 
ED-XRES, WD-XRES, and where appropriate, laser ablation ICP-MS methods. All of the 
university laboratories have some or all of this equipment.  

Available mineralogical and geochemical field equipment is summarized in Table 1. We expect to 
be able to obtain some of the additional equipment we need from the site sponsors/industry 
sponsors/manufacturers, but some essential items will be purchased (see Budget Justification). 
Table 1. Mineralogical/geochemical field equipment identified as available for use in the project  

Location/Description Parameter(s) Measured Field/Lab 

Alberta (B. Rivard) 
1998 and 2010 ASD FieldSpec portable SWIR spectrometers shortwave IR spectrum (mineralogy) F 
2011 Agilent portable FTIR longwave spectrometer longwave infrared spectrum (mineralogy) F 

Cameco 
2-3 ASD TerraSpec/FieldSpec portable SWIR spectrometers 
and access to The Spectral Geologist® software and Minspec 
(proprietary mineral library calibrated for Athabasca Group) 

shortwave IR spectrum (mineralogy) F/L 

GSC-Victoria 
2011 Innovex DP6000 portable XRF spectrometer attached 
to Geotek multi-sensor robotic core logger 

elemental chemistry L 

MDRU (C. Hart) 
ASD TerraSpec portable SWIR spectrometer shortwave IR spectrum (mineralogy) L 

Memorial (S. Piercey) 
ASD TerraSpec2 portable SWIR spectrometer and access to 
The Spectral Geologist software 

shortwave IR spectrum (mineralogy) F 

Innov-X X5000 mobile XRF spectrometer elemental chemistry F 

Ottawa (M. Hannington) 
2006 Terraspec Pro TSP 350-2500 portable SWIR 
spectrometer 

shortwave IR spectrum (mineralogy) F 

Western (B. Linnen/C. Wu/G. Osinski) 
Bruker Tracer-IV SD and Tracer-IV GEO handheld* XRF 
spectrometers (plus a new Titan LE unit to be available in 
early 2013) 

elemental chemistry F 

DeltaNu Rockhound Raman portable spectrometer Raman spectrum (mineralogy) F 

* require user certification 

                                                                                                                                                          
emission spectrometry, ICP-MS – inductively-coupled plasma mass spectrometry, LA-ICP-MS – laser ablation ICP-
MS, MLA – mineral liberation analysis, SEM – scanning electron microscopy, TIMS – thermal ionization mass 
spectrometry, SWIR – shortwave infrared spectroscopy, WD – wavelength-disppersive, XRD – X-ray diffractometry, 
XRES – X-ray emission spectrometry, XRFS – X-ray fluorescence spectrometry 
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3.5.3 Surficial Studies 
A range of geochemical exploration techniques will be employed at each site to assess “depth of 
penetration” and to discriminate the responses in different media and in different geological 
settings. Recent advances in analytical instrumentation has made it possible to detect very low 
concentrations (to several parts per trillion) of many elements in surficial and other media that 
have never been tested in exploration. The ability to define very low background values, in 
particular, means that even the smallest geochemical anomalies produced by deeply buried 
deposits can now be detected with greatly enhanced signal-to-noise ratios. However, because the 
surficial geochemical anomalies are strongly affected by the local topography and the nature of the 
overburden, it is important to understand how Quaternary geology affect the dispersion of 
elements. The information will dictate what methods are best suited to the detection of anomalies 
in different settings. Soil, stream and glacial sediment samples will be collected at and away from 
each deposit, to identify the full suite of elements (and isotopes) that may be mobilized from both 
the deposits and their associated alteration haloes. A variety of leach techniques, porewater and 
shallow groundwater analyses, heavy mineral separations, and indicator mineral analyses (e.g., 
including textural study of minerals in soils, and streams and glacial sediments) will be conducted 
for direct comparison with the ore and host rocks. A number of tools that are practical and applied 
to exploration, but not yet widely used in the study of surficial materials (e.g., portable XRF, 
SWIR) will also be tested in the field. Where possible, surface and groundwater samples, as well 
as gases, will be collected in boreholes and analyzed by field-portable techniques and in the 
laboratory. The proposed research will also evaluate different processes enhancing metal 
mobilization in surficial material (e.g., microbial activity in sediment-hosted uranium deposits). 
Although active mine sites may not be suitable for testing some media (especially groundwater), 
carefully selected parallel studies will be conducted where mining has not yet commenced but 
where the mineralogy and geochemistry of the underlying tills and rocks are well constrained.  

3.5.4 Petrophysical Properties 
Physical rock properties, including magnetic susceptibility, resistivity, radioactivity, and density, 
will be collected on drill core and outcrop samples, and in boreholes to determine how these 
properties vary in relation to each other and the overall ore system. Laboratory and in situ 
measurements of physical rock properties will be made on the same samples analyzed for 
mineralogy and geochemistry, including consolidated and unconsolidated (e.g., till) cover rocks. 
On selected samples, a full suite of measurements will be made including density and elastic 
moduli, magnetic susceptibility and remanence, electrical conductivity, resistivity, inductance, 
porosity, thermal conductivity, radioactivity, and hyperspectral (short wave IR for clay alteration, 
thermal IR for silicate mineralogy). These data are essential for mapping footprints through 
petrophysical properties and for constraining the geophysical inversion modeling to extrapolate 
these footprints into other parts of the subsurface. This will enable us to test how profoundly 
secondary features (e.g., fractures, mineral overgrowths) affect responses and to minimize the non-
uniqueness of inversion models, especially in ore environments where alteration is typically the 
primary control on physical properties. The in situ measurements can be on outcrop or in 
boreholes, using geophysical and geotechnical logging tools that collect data on a number of 
parameters simultaneously at an appropriate scale. Although there are limited facilities for taking 
these measurements, collection of the right data is possible in the field for a subset of properties 
that can be measured with hand-held instruments. More expensive downhole multiparameter 
surveys will be conducted with the assistance of the industry partners. Available petrophysical and 
geophysical field equipment is summarized in Table 2. We expect to be able to obtain any 
additional equipment needed from the site sponsors, industry sponsors, and/or manufacturers. 
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Table 2. Petrophysical field and field/laboratory equipment identified as available for use in the 
project  

Location/Description 
Parameter(s) 
Measured 

Field/ 
Lab 

Alberta (B. Rivard) 
2012 Specim sisuROCK high-speed automated hyperspectral core imaging system hyperspectrum 

(mineralogy) 
L 

Cameco (for use on U sites) 
2-3 Saphymo SPP2 gamma ray scintillometers total gamma radiation F 
2-3 KT-9 magnetic susceptibility meters magnetic 

susceptibility 
F 

École Polytechnique (M. Chouteau) 
2010 Radic Research Fuchs III (50W) Spectral IP system spectral complex 

conductivity 
F/L 

2011 ABEM Terrameter LS resistivity-time domain IP system resistivity and 
chargeability 

F/L 

2011 GEM high-sensitivity high-resolution potassium magnetometer-gradiometer magnetic fields F 
2004 Mala GPR downhole probe system EM wave velocity 

and attenuation 
F 

GSC-Victoria (R. Enkin) 
2003 Mettler AG204 balance incorporated into lab-designed Jolly balance rock densities L 
2000 and 2008 GF SM-20 and 1998 Sapphire SI2B magnetic susceptibility meters magnetic 

susceptibility 
L 

1994 and 1996 Agico JR5-A spinner magnetometers magnetic remanence L 
1984 Schonstedt GSD-5 alternating field demagnetizer and 1998 ASC TD-48 

thermal demagnetizer 
 L 

2003 J-Meter coercivity spectrometer magnetic hysteresis 
cycles and isothermal 
remanence 
magnetization 

L 

2005 Bartington MS2WF thermomagnetic susceptibility meter Curie temperatures L 
2002 Solartron 1260 frequency response analyzer electrical impedance L 
Wide range of software for data processing and visualization (e.g., LabView JMP, 

LabView ZARCFIT) 
 L 

Lakehead (P. Hollings) 
2012 Terraplus KT-10 magnetic susceptibility meter as above L 

McMaster (W. Morris) 
2000 field portable balances density F/L 
2005 Bartington MS2 magnetic susceptibility sensors B-C-D-E-F, magnetic 

susceptibility 
F/L 

2004 Heritage Geophysics SM30 magnetic susceptibility meter magnetic 
susceptibility 

L 

2010 GEM proton magnetometer with GPS magnetism L 
2000 Exploranium GR320 gamma-ray spectrometer radiometrics L 
old Schonstedt DSM-1 and 2002 Molspin spinner magnetometer s magnetic remanence L 
1999 Seistec P wave velocity L 
1999 BRGM IP-L with homemade sensor IP and resistivity L 

MDRU (C. Hart) 
two KT-9 and two KT-10 magnetic susceptibility meters magnetic 

susceptibility 
F 
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3.5.5 Geophysics 
An important goal of the project will be to enhance the interpretation of legacy data from each of 
the study sites. These data will be provided as an in-kind contribution by the participating 
companies and by other partners (e.g., federal and provincial surveys). Where gaps in current 
coverage exist, targeted demonstration surveys with relatively short line segments will be 
conducted to maximize overlap with the sampled sections. These will also be provided as in-kind 
contributions, capitalizing on opportunities to “piggy-back” mobilization/demobilization costs for 
the research work onto regular exploration surveys, and may include airborne gravity gradiometry 
surveys, electromagnetic surveys, and especially borehole geophysics. An important goal of these 
surveys will be to collect high-quality data using new instruments to evaluate the geophysical 
signals of features that typically are not targeted by commercial surveys focused on direct 
detection of the orebodies. The emphasis will be on features for which other data are being 
collected, including altered host rocks, favourable lithostratigraphic units, and ore-controlling 
structures. A major goal is to determine how profoundly alteration and other features of the ore 
system footprint may affect responses in airborne, ground, and borehole surveys. Selected drill 
holes will be logged at appropriate scales overlapping the sampling transects, using traditional and 
improved borehole geophysical techniques (e.g., borehole gravity and vector magnetics, borehole-
to-borehole EM-IP-radar-seismics, magnetometric resistivity cross-hole imaging, slimhole NMR 
sounding for fluids, fracture, and porosity imaging), in particular to provide in situ petrophysical 
data critical to the inversion modeling and 3D earth/exploration models (see below). Relogging 
selected boreholes with an emphasis on the upper 1-20 meters will be done using borehole 
geophysical, surface radar, and seismic systems to better define "overburden" parameters (e.g., 
thickness, conductance, seismic velocities) for layer-stripping inversions.  
Overburden Stripping: The Canadian Shield is covered by glacial deposits comprising sediments 
across a wide grain size range from poorly-sorted diamictons and massive or laminated clay and 
silt, to better-sorted sand and gravel. The thickness of these deposits varies greatly, but can reach 
several 10s of metres across Proterozoic Basins and over local depressions. Because glacial 
deposits are generally less dense than bedrock, local thickening causes an anomalously low gravity 
response that can mimic or mask the low associated with altered rocks associated with 
hydrothermal alteration and part of the orebody footprint. Because gravity data varies more 
smoothly than other geophysical data sets it is not always possible to separate the effects of the 
shallow bodies from the deeper bodies by filtering the data. Also, gravity data are non-unique, so 
density changes at surface can have similar responses to (different) density variations at depth. In 
order to identify the hydrothermal alteration it is necessary to predict and strip the response of the 
laterally varying overburden. Electromagnetic data are sensitive to conductivity and glacial 
overburden is generally conductive, potentially masking hydrothermal alteration at depth (if 
altered to clay). 
One way of predicting the response of laterally variable overburden is to map lateral changes in 
overburden using a combination of geological field studies, satellite imagery, aerial photography, 
and available overburden thickness information (from water and exploration boreholes). This 
mapping will be done as part of the surficial studies described above in section 3.3.4. When this 
information is combined with the surficial physical property measurements, the gravity response 
of the overburden can be estimated and removed, leaving the gravity response of the alteration 
(assuming that the unconformity surface and basement geology have a smaller response). Some 
experiment will be required to determine if the thickness of the overburden can be estimated 
reliably in areas more distal from the well information without being corrupted by the underlying 
alteration. Alternatively, the geological constraints may be sufficient to allow the overburden 
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variability and the alteration to be characterized. When the geological constraints are poor, we do 
not expect this approach to work well. 
In some cases different types of glacial deposits can have different magnetic susceptibilities, and 
when the susceptibility is non-zero, the thicker the glacial overburden, the larger the anomalous 
response. The Athabasca sediments and the hydrothermal alteration generally do not have a 
magnetic response. Hence, the magnetic data could be used as a constraint (i.e., in a joint/mutual 
inversion) providing further assistance to resolve the ambiguity in the gravity data. One difficulty 
is that there are anomalies associated with magnetic rocks in the basement; however, these will be 
broad so they can be removed prior to inversion or resolved by the inversion process. 

A further innovation would be to use electromagnetic data as a geophysical constraint. The early- 
and late-time EM data tend to respond more strongly to the shallow and deeper features 
respectively. This would provide further help in resolving the shallow/deep ambiguity in the 
gravity data. The 3D EM response is time-consuming to calculate, so we will begin with a 1D 
model for the EM data and a 3D model for the gravity. 
Hyperspectral: Outcrops at Highland Valley and Canadian Malartic are small, limited in number, 
partially covered with biogenic coatings (lichens), and span a range of lithologies, each with a 
potentially different mineral expression of alteration. We will begin with an investigation of the 
spectral response of samples spanning different types alteration across a representative range of 
the dominant lithologies exposed in outcrop samples collected for mineralogical and geochemical 
work. We will degrade the spectral signatures to that expected from Worldview 2 satellite data 
selected for it with high spatial resolution (meter to sub meter) and then conduct an analysis of the 
satellite data to recover both lithologic information (more likely to succeed) and signs of alteration 
(less likely to succeed, but worth testing). If there are signs of success in mapping lithology and/or 
alteration, the resulting image maps will be validated in the field by taking spectral measurements 
and samples on available outcrops. An assessment of the spectral properties of alteration of 
lithologies at the sample scale could provide an assessment of possible regional vectoring. This 
research is highly risky and whether this can be scaled to surface outcrops in areas of low outcrop 
density and partial vegetation cover is not clear, but given the widespread availability of satellite 
hyperspectral data is worth investigating. We will do Highland Valley first, Canadian Malartic 
second, and McArthur-River Millennium third, all at 10 km x 10 km scale initially and further if 
something interesting emerges. This work would be done as part (1 year) of a 4-year PhD project 
based at the University of Alberta under the supervision of Rivard and Gleeson/Richards. The 
work would be done in Year 3, after the samples have been collected and mineralogically 
characterized, but leaving Years 4 and 5 for follow-up work if justified. We will also investigate 
shortwave IR and longwave IR links between Sisurock® hyperspectral imagery of selected core 
samples for each deposit that have been completely characterized for alteration mineralogy, 
lithogeochemistry, and petrophysical properties. In addition to detecting alteration-specific 
mineralogy (e.g., micas at Canadian Malartic, clays, chlorites, and micas at McArthur-River 
Millennium; clays and iron oxides at Highland Valley), we will attempt to correlate whole-rock 
major element geochemistry (e.g., SiO2, Al2O3, MgO, FeO) with the spectral data to develop 
spectral predictive algorithms with the intent to be able to predict oxide percent from spectral data. 
If this can be done, it may be possible to convert core imagery into approximate geochemical 
maps that can guide detailed sampling of the core. Available geophysical field equipment is 
summarized in Table 3. We expect to be able to obtain any additional equipment needed from the 
site sponsors, industry sponsors, and/or manufacturers. 
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Table 3. Borehole and surface geophysical equipment identified as available for use in the project  

Location/Description 
Parameter(s) 
Measured 

Bore/ 
Surface 

École Polytechnique (M. Chouteau) 
GEM high-sensitivity high-resolution potassium 

magnetometer-gradiometer 
magnetic fields S 

Mala GPR downhole probe system EM wave velocity and attenuation S 
2011 ABEM Terrameter LS resistivity-time domain IP 

system 
resistivity and chargeability S 

Laurentian University (R. Smith) 
Geonics EM34-3 conductivity S 

University of Alberta (D. Schmitt) 
Logging winch - 1800 m, single conductor, Mount Sopris    NA B 
Sonic Log (4 receiver) slimhole, ALT sonic wave speed, fracture 

scattering 
B 

Ultrasonic borehole televiewer, slimhole, ALT fracture, stress directions, core 
orientation, vector magnetic field 

B 

Combination E-log, fluid resistivity, T, natural gamma tool, 
Mount Sopris 

electrical resistivity of rock, 
resistivity of drilling/produced 
fluids, temperature, natural 
radioactivity 

B 

Magnetic susceptibility tool,  Mount Sopris magnetic susceptibility B 
Trailer-mounted logging winch,  7 conductor, 1000m, 

Century Geophysical 
N/A B 

3-C wall locking seismometer, Geosource Australia downhole seismic responses B 
Electrical resistivity tomography system, Scintrex near-surface electrical resistivity  S 
Differential GPS, Trimble relative positioning for surveying S 
Total survey station, Nikon relative positioning for surveying S 
Geophones, 240 channel, complete sets of 14 Hz or 40 Hz seismic 2D or small area 3D seismic 

surface imaging 
S 

IVI Minivib truck-mounted 6000 lb vibrator seismic source truck-mounted surface seismic 
source 

S 

University of Toronto (B. Milkereit/C. Bank) 
Borehole to Borehole DC/IP Resistivity Tomography system 

with multi-electrical borehole cables (400m), Geoserve   
conductivity self-potential & 
chargeability (IP) 

B 

GSM-19GW GEM Systems Overhauser magnetometers 
Geometrics G-856AX magnetometer 

magnetic  
susceptibility 

S 

Ground-penetrating radar, GSSI SIR-3000 GPR 
100 MHz, 200 MHz,400 MHz antennas 

electric  
permittivity 

S 

   

3.5.6 Inversion Modeling 
Physical property measurements and integrated geological-geophysical maps and sections will 
provide the basis for new geophysical footprint models of the ore system, linking geology, 
mineralogy, and geochemistry, with physical rock properties, and upscaling or downscaling to 
match the volume of support for each technique. Although 3D geophysical inversion modeling of 
field data with the aim of identifying subsurface objects has been developed in the last twenty 
years, particularly for magnetic and gravity data, this process is typically incomplete, owing to the 
lack of physical property measurements on the right materials. The vast majority of inversion 
models are unconstrained and yield solutions with diffuse, smeared-out features and in which 
contrasts in physical properties tend to be underestimated. Significantly better results can be 
obtained if the geophysical model is constrained by the near surface geology and by physical 
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properties measured down a drill hole (e.g., Farquharson et al., 2008; Williams, 2008). The more 
information input into the model, the more geologically realistic the results obtained. This project 
will focus on how to define these constraints and pass them on to the inversion modeling routines 
in a way that is easy and efficient. A major effort will be to reconcile field information, which is 
often collected on a very fine scale (detailed outcrop mapping or borehole information every few 
centimeters), with geophysical models that may be resolved on scales of tens or hundreds of 
metres. Innovations will include i) looking at moving away from smoothly varying constraints to 
some type of piecewise constant (blocky) model, which in some cases can be more geologically 
appropriate, ii) Testing on real data new modelling and inversion software that use general model 
parameterizations such as unstructured tetrahedral grids and which can match wire-frame 
geological models and gOcad® models (Lelièvre et al., 2012a), iii) examining methods for joint 
inversion in real-life mineral exploration scenarios (Lelièvre et al., 2012b), and iv) incorporating 
1D EM inversion with 3D gravity (and magnetic) inversion specifically for overburden stripping 
as mentioned above. It is anticipated that at Highland Valley, there will be resistivity and IP data 
to invert in addition to magnetic data and possibly gravity. 

3.5.7 Data Management  
We plan to use gOcad® as the final data management, data integration, and data visualization 
platform to assist in the horizontal and vertical integration of the diverse exploration datasets will 
be needed to identify the most effective combinations of parameters for targeting different ore 
systems. However, the data management process will start with the commercial software systems 
presently being used by the companies (e.g., ArcGIS®, MapInfo®, DataMine®, Gemcom®, 
gOcad®, LeapFrog®, and Surpac®) to determine how the data can be integrated into the 
Footprints data management approach. This approach will also identify specific data types that 
will have the widest application in industry and the greatest impact on targeting under cover and at 
depth. For example, lithogeochemistry, mineralogy, and geophysics are used in different ways in 
exploration for nearly all ore deposit types, but certain combinations of these methods are 
expected to have broad application in the recognition of hydrothermally altered rocks, fluid flow 
pathways, and structural controls across the spectrum of exploration targets being sought by the 
partner companies. The Footprints Project is an important opportunity to develop both the 
technical expertise and the HQP required to advance these methods.  

3.5.8 Data Conditioning and Integration 
The data collected in this project will be internally consistent and much recently collected data 
will also be internally consistent having been generated using rigorous QC/QA procedures, and 
can be combined, treated, and leveled without (much) modification. However, most older 
databases will contain multiple generations of data that have been created using different methods, 
at different times (involving, for example, differences in lower limits of detection), and/or 
collected on different grids that need to be “leveled” before they can be combined. The work 
needed to condition level the data depends on the type of data (mineralogical, geochemical, 
petrophysical, geophysical), but typically involves an examination of standardizations and other 
QC/QA data that were reported with the data, and the development of algorithms to transform the 
data to a common basis. In order to do this rigorously, additional data will be collected (e.g., check 
lithogeochemical samples) and technical leaders and collaborators will give all data a metric for 
data quality and confidence prior to utilization. DGI Geoscience has particular expertise in this 
area and will be providing some of their proprietary methods to ensure that the work is done most 
effectively and efficiently.  

A major theme of the proposed research is the integration and analysis of multiparameter data to 
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enhance the detection and navigation within ore-system footprints. This requires a large-scale 
research effort that applies a spectrum of techniques across several project sites and then explores 
ways to jointly interpret those data. This approach clearly separates the proposed research from 
other initiatives in the field. The research teams are committed to developing new methods for 
integrating and analyzing exploration data and tailoring those techniques to different deposit types. 
This capacity is urgently needed in the industry and constitutes the most direct and practical value 
for the partners. However, data integration, specifically the methodology by which multiple data 
sets are converted to drill-hole targets, is also recognized as the most challenging part of the 
proposed research.  

Two companies that specialize in data integration and analysis, Mira Geoscience and DGI 
Geoscience, will be partners in the project and will assist directly with this component of the 
research. The technical vision and business of both companies are perfectly aligned with the goals 
of the project, and both partners will be contributing directly to the development of a rigorous 
framework for data integration and interpretation at all three study sites. Mira Geosciences has 
agreed to host embedded researchers, and DGI is considering this approach as the data 
management/analysis framework is defined. Mira and DGI have proposed to work together, as 
they already do commercially, to assist the researchers in the critical area of integrating physical 
property data with geophysical modeling. Both recognize that this is the key deficiency in linking 
geological interpretations to geophysical data. One full-time PDF/RA at each site will also be 
committed to ensuring that full data integration happens across the subprojects and is conducted in 
a uniform way at all three study sites. 

Mira Geoscience, who is offering substantial in-kind support for data integration and analysis, see 
the project as a unique opportunity with unprecedented alignment with their own R&D objectives 
and acknowledge that the benefits will happen more-or-less in proportion to their involvement. 
Mira will provide the computational 3D modeling framework for the project, which will include 
data management for structural analysis, encoding of physical and other rock property attributes, 
integration of geological and geochemical data, geophysical inversions, and computation of 
statistical targeting parameters. Many of these areas of data management and analysis require 
additional research and development and will be a primary output of the proposed partnership at 
all sites. Maximizing the efficient use of the basic tools of geoscience data management (e.g., 
gOcad®, ArcGIS®, MapInfo®) for multi-parameter analysis will be a key component of that 
research. Mira Geoscience also has offered to train researchers in the applied technology, 
including 3D integration methodologies they have developed, which are both robust and proven. 
Mira Geoscience will also be providing training in the geophysical inversion software that 
interfaces to gOcad®. The company is highly motivated to provide their software package as an 
open system that can connect to other modeling or analytical systems used by the researchers. In 
particular, their data management framework will allow researchers to share project data and 
models among the working groups. To achieve this level of integration, we propose to embed one 
PDF/RA with Mira Geoscience. 

DGI Geoscience will participate specifically through expert assistance in the analysis of downhole 
data, which is essential to the project. Although DGI cannot include the acquisition of downhole 
data as an in-kind contribution, they will provide direct expertise with data analysis and 
integration. Where DGI's data-acquisition services are required, it is anticipated that the industry 
partners will cover the cost of down-hole measurements needed for the research as part of their in-
kind contributions. DGI will also attempt to link their contribution to surveys that will be ongoing 
with the industry partners at several of the study sites (e.g., with Osisko and Teck). Their goal is to 
expand and improve methods for integrating and cross-analyzing data that can be attributed to a 
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spatial location down a borehole. This includes geochemical, rock property, geometallurgical and 
structural data sets that could all be layered on 3D televiewer data and, in turn, integrated at a 
larger scale, for example, employing Mira gOcad® capability. In addition, DGI proposes to work 
with R. Enkin's GSC-Pacific lab to compare and contrast field and laboratory analyses of rock 
property measurements and devise QA/QC protocols for better calibration of downhole surveys. 
This may include new borehole methods that could be developed to reduce the number of deep 
holes required to interrogate exploration targets. The PDF/RA embedded with Mira will also work 
closely with DGI. 

3.5.9 Data Analysis 
New sophisticated approaches to multivariate analysis will be developed, taking advantage of data 
integration methods already in use (e.g., Barnett and Williams, 2012; Eberle and Paasche, 2012), 
and platforms pioneered by the oil industry (e.g., Schlumberger's Petrel software) and by other 
sectors (e.g., bioinformatics) that can be tailored to exploration. DGI Geoscience and Mira 
Geoscience have developed powerful data integration and analysis methods using wider ranges of 
data types. A statistical approach to geological and geophysical data integration provided by new 
generation of computational capabilities therefore provides an opportunity for developing new 
exploration strategies based around data mining. We will also take advantage of recent advances 
in expert systems and neural networks that better capture qualitative “fuzzy” data (e.g., Lacassie et 
al., 2006; Xiang et al., 2009; see also Cohen et al., 2010). 
The data management and integration will be carried out by a dedicated team who will advise the 
research groups on how to handle their data. As this skill set does not exist in the university 
environment, the participation of commercial partners specialized in exploration data management 
and modeling, DGI Geoscience and Mira Geoscience, has been secured. They have been involved 
in project design and will be involved continually as the project progresses, ensuring that 
appropriate sampling is carried out to produce consistent and workable data for integration and 
analysis. They will provide the initial platform for data handling, but more importantly they will 
train new people to carry out the data integration at each site, presenting a unique opportunity to 
develop this technical and scientific expertise in Canada. One PDF/RA will be embedded with the 
commercial partners for the duration of the project. Procedures for data management and archiving 
that ensure all researchers have the ability to access and search the data sets are now standard in 
large research initiatives of this type (e.g., Neptune Canada). A similar system will be established 
with the help of partner service providers and will be staffed by dedicated IT personnel who will 
assist researchers in capturing information, integrating, and analyzing the data and visualizing the 
results. The data integration process will, in many respects, govern the workflow of the project. 
An additional goal is to develop ways of creating standardized databases of exploration 
information. This is critical for all of the companies involved in the project and is expected to be 
one of the key outcomes of the research program.  
We will begin by using methods of clustering, non-linear transformation, and multivariate 
statistical analysis developed by DGI that are specifically designed to extract key relationships 
from the disparate types of geological, mineralogical, geochemical, petrophysical, and geophysical 
data to be included in this study. DGI will support the footprint study through in-kind contribution 
by providing access to their data analysis, interpretation, and integration capabilities. Mira has 
industry-recognized expertise in 3D geological, geochemical, and geophysical modeling and 
visualization and much of this work will be done by a Research Scientist who will be “embedded” 
in their offices and working under the supervision of McGaughey (Mira), Morris, Banerjee, and 
Smith. 
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We are also investigating access to the Southern Ontario Smart Computing Innovation Platform 
(SOSCIP, see www.soscip.org), a consortium of seven universities in southern Ontario and IBM 
Canada. SOSCIP comprises a cloud system at Western and a BlueGene/Q at Toronto. The cloud 
system, based on the IBM Power 7 system, will run Virtual Computing Laboratory (VCL) 
software to implement research-based virtual machines and a state-of-the-art collection of open 
and proprietary IBM advanced analytics software that will be used as a basis for further data 
integration and multivariate analyses of footprint data. Higher-performance computing 
requirements will be met by BlueGene, which has 400TFlop capability. The data integration PDF, 
working with SOSCIP at Western under the supervision of N. Banerjee, will implement advanced 
cluster analysis methods to allow rapid interrogation of the disparate geological, geochemical, and 
geophysical datasets collected as part of this network. The identified features will provide 
significant information about the inherent characteristics of the dataset. In the majority of 
applications, the clustering algorithms behave differently depending upon the complexity 
associated with the datasets. Experiments on real-life datasets demonstrate that the proposed 
methods provide superior performance compared to popular distance-based algorithms in terms of 
percentage of accuracy, convergence characteristics, stability of the algorithm and visual 
representation of the clusters in the form of three-dimensional plots. In particular, the IBM 
streaming software will provide convenient data querying and visualization tools that can be easily 
understood without the need for a deep knowledge of the computation required to produce them. 
By providing a visual output, variable parameters can be optimized through iteration and 
inspection of the output rapidly as new data becomes available to refine the model. The design of 
these algorithms will take advantage of the combined infrastructure to provide a unique 
opportunity for new algorithm and software development of cluster identification models for data 
mining, knowledge discovery and resource optimization from both existing and new large mineral 
exploration data sets. 

3.5.10 Project Synthesis 
A significant effort will be made in developing work practices that can be applied to multiple 
deposit types and in developing exploration strategies that transcend ore deposit types and have 
the potential to detect features that are not resolvable using current deposit-based exploration 
methods. For example, Canadian Malartic is a disseminated Au-(Cu) deposit and Highland Valley 
is a disseminated Cu-(Au) deposit. In early stages of exploration when the nature of the deposit is 
not well known and especially in disseminated deposits where geophysical signals are subdued, it 
is critical to use exploration work practices and methods available that are insensitive (or at least 
less sensitive) to deposit type to maximize the potential for detecting economically exploitable 
mineralization.  

3.6 Work Plans 
The proposed research project is designed to involve unprecedented levels of interaction between 
geologists, mineralogists, geochemists, petrophysicists, and geophysicists. Geology, mineralogy, 
geochemistry, surficial materials, petrophysics, geophysics, and inversion Integrative Science 
Groups will coordinate and drive the research at all three study sites, and their work will be guided 
by geologic models and compilations developed by Site Working Groups. Researchers embedded 
with the companies will be responsible for the baseline geological models and will facilitate and 
guide integration of existing exploration data and in-house company knowledge. The embedded 
researchers will not only become familiar with the property and data access, but will also be the 
main points of contact between the research teams and company personnel. This approach will 
derives maximum benefit from the experience of teams who have worked at different sites and 
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emphasizes the importance of testing different methodologies in a range of ore systems. By 
comparing the workflows and best practices for the three different ore deposit types, we will be 
able to develop exploration strategies that transcend ore deposit types and have the potential to 
detect features that are not resolvable using current deposit-based exploration methods.  

3.6.1 Overall Work Plan 
Phase I of the project, as described in this proposal, will be for 5 years, a timeframe required to 
achieve tangible and high-impact results at three study sites. As discussed in more detail below 
under Project Organization, the work will be done by three Site Working Groups, who will 
coordinate the work at each site, and seven Integrative Science Groups, who will coordinate the 
technical activities across all three sites. The Site Working Groups will be active throughout the 
project, but the activities of the Integrative Science Groups will vary, beginning earlier at sites 
with less legacy data to compile and later at sites with more legacy data to compile, moving to the 
other sites as each phase of their research is completed on a particular ore system. This approach 
will ensure that the same people are part of each integrated study and will allow some study sites 
requiring more baseline geological mapping and compilation to be prepared for the arrival of the 
Integrative Science Groups while research at more advanced sites can begin earlier.  

Data Compilation will begin at all 3 sites as Research Associates, Post-Doctoral Fellows, and 
Graduate Students are hired. It is expected that all three working groups will begin functioning by 
October 2012 and will be fully operational by May 2013.  
Summer field and geophysical work will be conducted during years 1-4 years at Canadian 
Malartic and Highland Valley, and (because of the more remote, more expensive location) over 
years 1-3 at McArthur River-Millennium. Laboratory analytical work (petrography, mineralogy, 
geochemistry, and petrophysics) will occur mainly during Fall/Winter, and data integration and 
modeling will occur throughout the year as the projects progress (Table 4).  

Workshops will occur throughout the project, with the first being held in October 2012. Reports, 
white papers, and BSc/MSc/PhD theses will be delivered to the sponsors throughout the project as 
various components are completed. Presentations, both on the nature and progress of the project 
and on various technical aspects, will be made at all reasonable opportunities and PDF/PhD/MSc 
will be published as soon as the information is outside the blackout period. 
Table 4. Schematic work schedule for the Footprint Project 

 

Year 1 Year 2 Year 3 Year 4 Year 5
Activity F2012 W2013 S2013 F2013 W2014 S2014 F2014 W2015 S2015 F2015 W2015 S2015 F2015 W2016 S2016 F2016

Project Planning
Compilation
Field Work
Geophysics
Petrography
Mineralogy
Lithogeoeochemistry
Surficial Geochemistry
Physical Properties
Inversions
Data Integration
Analysis

Technical Workshop
Annual Reports
Annual General Meeting
Field Workshop
Presentations/Theses/Publications
Final Report
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Detailed work plans for the individual sites and the integrated activities (petrophysics, geophysics, 
inversion modeling, data management, data integration, and data analysis) are given below. 

3.6.2 Canadian Malartic Work Plan 
Research at the Canadian Malartic deposits will be carried out at different scales by the Footprints 
Project, the Geological Survey of Canada (TGI-4), and the Quebec Geological Survey (Géologie 
Québec). TGI-4 will focus on the ore deposit itself (i.e., within the ore shell) and will examine the 
age relationships between fault development, intrusive activity and gold mineralization in the 
mine. The Footprints Project will focus on the multi-parameter expression of the gold system as it 
extends out from the ore shell to its detectable limits. Géologie Québec will focus on the regional 
geological context of the Canadian Malartic system.  

The study will encompass an area of approximately 9 km by 4 km within the Pontiac Group 
metasedimentary rocks and associated intrusions, bound to the north by the Cadillac Fault Zone 
and to the south by the Raymond Fault. The latter forms a structural offset within the Pontiac 
Group across which there is an increase in metamorphic grade. The area of study includes the 4 
past-producing deposits (now within the Canadian Malartic open pit) as well as several major 
occurrences outside the ore shell that share many of the characteristics with the main 
mineralization, but not the gold grades. Although the work plan includes areas with little outcrop, 
there is a 250 m grid drill hole pattern surrounding the deposit within the Pontiac sedimentary 
strata that will be key to defining the extent of the ore system. The Footprints study will be carried 
out on a number of cross sections and long sections (Figure 10) that will allow both vertical and 
plan views through various parts of the Pontiac Group and associated intrusive bodies. Two of 
these sections will be continuations of cross sections selected by TGI-4 for detailed studies of the 
ore zones. TGI-4 will share samples with the Footprints teams within the ore shell in order to add 
rock property and geophysical data from within the mine to the overall study area. The studied 
cross sections will continue for a distance south of the Raymond Fault to include the 
mineralogical, geochemical and geophysical changes across this boundary.  

Research by the Footprints team will focus on i) identifying the presence of a distal alteration halo 
and its outermost detectable limit beyond the economic mineralized zones, ii) defining any 
geochemical, mineralogical and petrophysical zoning that can vector towards the centre of the 
system, iii) relating these features to anomalies in the overlying surficial environment, iv) 
investigating the apparent lack of a defining geophysical signature to the deposit and its host rocks 
through refined analysis and modeling of existing and new geophysical surveys, and vi) using the 
above results to better constrain a geophysical model of the system. 
Research Coordination – A formal plan for research at the site was devised during a meeting 
between the three research groups at Osisko’s main office on 08 February 2012. The Footprints 
component will be overseen by the Site Leaders (R. Linnen and G. Olivo) who will be responsible 
for ensuring that researchers are working closely together to maximize the objectives and the 
integration of data and knowledge from the different groups. Project managers from the partner 
organizations will include the CMIC research director (Alan Galley), the TGI-4 gold group project 
leader (Benoit Dubé), the Géologie Québec project manager (Pierre Pilote), and an assigned 
Osisko representative, who will be responsible for coordination of research activities on site. This 
group will report to the Bureau de l'exploration géologique (Patrice Roy), TGI-4 program 
coordinator (M. Villeneuve), Osisko Executive Vice President/Exploration (R. Wares), and 
CMIC-EIC.  
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Figure 10. Aerial photograph (1 km grid) of the Canadian Malartic area showing the open pit outline (grey curved 
lines in centre), drill hole locations (very small red dots), and outcrops (very small green crosses). Cross sections of 

the deposit that will be studied in the TGI-4 Project are indicated as red lines; cross sections that will be studied in the 
Footprints Project are indicated as yellow lines. The contact between the Pontiac Group and the Cadillac sediments 

(Cadillac Fault Zone) is indicated as a solid black line; the trace of the Raymond Fault is indicated by a dashed line. A 
major aspect of the research that will be considered here is the extent of "cultural overburden" and its impact on 

brownfields exploration. 

Geology Component – Research on the geology of the Canadian Malartic system outside the ore 
shell will emphasize the critical structures that control mineralization and alteration at a large scale 
and especially the geological elements that distinguish the Canadian Malartic setting from other 
parts of the camp. Among the major targets of research will be the identification and 
characterization of large-scale fluid-flow pathways (e.g., Beaulieu et al., 2009), which may be 
complexly related to the structural evolution of the host rocks at the deposit and district scales, and 
the identification of fertile intrusions that may have been major sources of fluids and metals, or 
were the centers of hydrothermal systems. This part of the project will also provide detailed 
geological information on the ore-hosting Pontiac Group metasedimentary rocks away from the 
deposit. The proposed research will define where the system footprint begins (near mineralization) 
and ends, including the original morphology of the system and how to map out gold 
concentrations and distribution at the ppb level outside of the defined ore shell. Variations in rock 
composition and fabric are important aspects that will be studied in order to place the 
mineralogical, geochemical, and geophysical aspects of the gold system into a well-defined 
framework. Key questions that will be addressed include: what is the morphology, strain, and fluid 
history along the main faults; how do magmatic events that are spatially (and genetically) 
associated with the ore system manifest themselves beyond the ore shell; what are the favourable 
host rocks, alteration and syn- to post-mineral deformation and metamorphic features that define 
the ore system and how do they differ from barren rocks in the camp. 
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Mineralogy and Geochemistry Components – This part of the study will involve detailed 
paragenetic, mineral-chemical, lithogeochemical and isotopic investigations of both proximal and 
distal zones of alteration and mineralization, emphasizing major and trace element analyses of 
whole rocks and minerals to generate a complete picture of the internal composition and variations 
within the gold system. The specific metamorphic and magmatic events related to the generation 
of mineralizing fluids at Canadian Malartic and especially the resulting fluid-rock interactions in 
various rock units, proximal and distal to ore, will be examined as a means to vector within the ore 
system and identifying the equivalency of alteration across different rock types and metamorphic 
facies. The proposed research will include a comprehensive analysis of indicator elements and 
minerals that can be used to detect ore-related mineralization and alteration at the local and camp 
scales, emphasizing critical element associations that define the limits of the ore system and how 
they vary with distance from major ore-hosting structures or fertile intrusive centers. The 
Footprints Project will take advantage of the extensive sample archive (including pulps) available 
from a series of vertical drill holes mainly south of the open pit. Although these short (150 m) 
holes are at a very acute angle to the subvertically dipping stratigraphy, they offer a unique 
opportunity to create a comprehensive lithogeochemical database. Spatial distribution maps will be 
developed from these data to determine the variability of lithogeochemical features of the system 
beyond the ore shell.  
Recent research has demonstrated that mineral chemistry (e.g., F content of biotite: Williams-
Jones et al., in press) can be a sensitive indicator of magmatic-hydrothermal processes in the ore 
system. Minerals such as biotite, apatite and titanite are relatively common in the Pontiac Group 
and crosscutting intrusions, and therefore offer good spatial distribution for defining mineral-
chemical vectors to ore. Pyrite and magnetite, which are also widely distributed at low abundances 
in the ore system, may contain a wide range of trace metals (e.g., Au-As-Hg in pyrite, Si in 
magnetite) that can indicate position within the ore system. So, one critical part of defining the 
footprint will be to distinguish metamorphic and hydrothermal biotite and pyrite. Detailed 
investigations of these and other minerals (e.g., carbonate species) we be used to constrain the, as 
yet, undefined outer margins of the system, comparing orthomagmatic alteration to background 
minerals beyond the ore shell. New technologies are also available to undertake routine isotopic 
studies of minerals (e.g., multicollector ICPMS); for example, the Pb isotope systematics of 
secondary feldspar in the intrusions at Canadian Malartic will be tested a possible indicator of 
barren versus fertile intrusive bodies. As there is an increasing emphasis in the mineral exploration 
to be able to collect data in “real time”, a part of the research will also focus on the comparison of 
laboratory, benchtop, and field-portable analytical methods. 
Surficial Component – Little research in Archean gold systems has examined how indicator 
elements and minerals behave in the surficial environment (e.g., in till or groundwater). Because 
of the long history of mining and cultural contamination in this area we will focus on the 
mineralogy of transported materials from various locations within the Canadian Malartic gold 
system, which will be integrated with local knowledge of the glacial history of this part of the 
Southern Abitibi. In particular, this study will take information acquired from the bedrock 
mineralogical studies and transfer these results to the search for key indicator minerals for bulk 
tonnage gold systems in the surficial environment. 
Geophysics Component – A major challenge presented to the Footprints Project by Osisko is the 
apparent lack of a geophysical signature of the Canadian Malartic gold system. Few geophysical 
surveys have encompassed entire gold systems (e.g., Holden et al., 2012), in particular deposits 
that include both disseminated and vein-hosted mineralization. Although the deposit itself is not 
magnetic or conductive, one hypothesis is that multiple geophysical surveys (including high-
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resolution airborne magnetics and induced polarization) may record subtle variation in the rock 
properties due to the large-scale hydrothermal alteration system. The Footprints Project will 
acquire and interpret a variety of geophysical datasets over the Canadian Malartic gold system and 
its host structures. Of particular interest at Canadian Malartic will be the characterization of the 
deposit-scale and broader potassic alteration. Radiometric measurements (U, Th, K) will be taken 
on all available outcrops in the study area using handheld gamma-ray spectrometers to determine 
not only changes in the abundances but also their ratios in response to hydrothermal alteration. 
Complimentary handheld XRF and magnetic susceptibility measurements will be made at the same 
locations and novel techniques will be tested on specific features to determine if they have a 
geophysical response that has not previously been recognized (e.g., piezoelectric measurements to 
assess the scale of quartz veining from surface). Support for near-mine geophysical surveys is 
anticipated from the sponsor companies, TGI-4 and Géologie Québec. In particular, the geophysics 
component will examine a number of downhole and ground geophysical methods in conjunction 
with detailed rock property studies, incorporating existing downhole televiewer data already 
collected by Osisko with borehole measurements and down-hole geochemical data.  

Petrophysics Component – Systematic acquisition of density, porosity, permeability, magnetic 
susceptibility, and resistivity/conductivity will be carried out on core samples and in boreholes to 
establish the physical properties the host rocks, intrusions, alteration zones (from proximal to 
distal, including the ore zone) and prospective structures. These data will be integrated with 
mineralogical and geochemical studies of alteration to identify how fluid-rock interaction has 
influenced the physical properties of the rocks, including what microtextural and mineralogical 
features control each parameter, and thereby improve the design and interpretation of geophysical 
surveys and inversion modeling. Collection of petrophysical data using a variety of downhole 
sensors, drill core and rock exposures will allow comparison of different measurement techniques, 
calibration of different types of measurements, and selection of optimal sampling procedures.  

Inversion Modeling – Although direct detection of the mineralization at Canadian Malartic has 
not been possible with conventional geophysical surveys, a variety of new data from other survey 
methods (e.g., gravitational gradiometry, radiometrics, electromagnetics) will be compared for 
possible discrimination of different host rocks and alteration. Together with new physical rock 
property data, the lithogeochemical and mineralogical data collected during the study has the 
potential to better constrain inversion models if a distinctive geophysical signature can be realized 
at the Canadian Malartic deposit. 
HQP Requirements – In addition to the shared PDF/RA working on Data Integration, shared 
PDF working on Geophysical Processing, shared PDF working on Petrophysical Properties, and 
shared part-time PDF and PhD working on Hyperspectral Properties, the following will assist the 
researchers with their work on this site: 
• PDF – Data Integration: This person will compile available geological, structural, mineralogical, 

geochemical, geophysical, and physical rock property data for the Pontiac Group beyond the ore shell, 
will coordinate new geologically-controlled sampling and data acquisition, and will take a lead role in 
ensuring a consistent approach to data integration by working closely with the TGI-4 team, Géologie 
Québec team, and the different modeling groups. This person will be supervised by R. Linnen 
(Western), G. Olivo (Queen's), and G. Beaudoin (Laval), but will report to the entire group. 

• PhD – Late Temiskaming Intrusions: An on-going PhD project by Noemie Fayol on the geodynamic 
relations between Late Temiskaming intrusions and Malartic-style gold mineralization will be 
incorporated into and partially funded by this project. She is being supervised by L. Harris (INRS) and 
M. Jébrak (UQAM).  
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• PhD – Alteration/Mineralogy: This student will study mineral chemical variations, alteration, and 
sulfide geochemistry within the Pontiac Group beyond the ore shell, comparing barren and mineralized 
zones, working under the supervision of A.E. Williams-Jones (McGill), R. Linnen (Western), and I. 
Samson (Windsor) during years 1-5 (i.e., 4 years, starting in summer of Y1 and ending in summer of 
Y5). 

• MSc – Lithoindicator Mineralogy (Bt-Py): This student will work with the above PhD student and 
study more specifically the geochemical various between metamorphic and hydrothermal (ore-related) 
biotite and pyrite in the Canadian Malartic system, working under the supervision of G. Beaudoin 
(Laval), D. Kontak (Laurentian), and C. Guilmette (Waterloo) during years 1-3 (i.e., 2 years, starting in 
summer of Y1 and ending in summer of Y3). 

• MSc – Surficial Mineralogy/Geochemistry: This student will study surficial mineralogy and 
geochemistry in the Canadian Malartic system, working under the supervision of K. Hattori (Ottawa) 
and M. Ross (Waterloo) during years 3-5 (i.e., 2 years, starting in summer of Y3 and ending in summer 
of Y5). 

• MSc – Lithogeochemistry: This student will study the whole-rock geochemistry of the Canadian 
Malartic system, working under the supervision of S. Piercey (Memorial) and P. Hollings (Lakehead) 
during years 1-3. 

• MSc – Petrophysical Properties: This student will measure and compile physical properties from 
outcrops and core samples of rocks in the Canadian Malartic system, working under the supervision of 
M. Chouteau (École Polytechnique) and G. Olivo (Queen’s) during years 3-5. 

• MSc – Inversion Modeling: This student will develop constrained inversion models for the Canadian 
Malartic system, working under the supervision of C. Farquharson (Memorial), S. Piercey (Memorial), 
and L.-Z. Cheng (UQAT) during years 3-5. 

• 4 BSc – To Be Decided: At least one BSc Honours student will be involved each of the four years field 
work is done 

 

3.6.3 McArthur River – Millennium Work Plan  
Work in the McArthur River – Millennium area will take place along pre-designated longitudinal 
and cross sections that offer maximum exposure to the uranium ore system but also provide the 
optimal overlap of legacy information and new data from existing and planned drill holes. Much 
of the drilling has taken place along EM conductors, which in some cases represent major fault 
systems. The geophysical survey data is most dense in blocks (EM, VLF, gravity, magnetics, 
resistivity) or along sections (seismic, resistivity) that focus on the inferred fault structures. The 
B1 longitudinal section (Figure 11) is anchored to the south by the Moon Lake occurrence and the 
Millennium deposit, and to the northeast by the Read Lake Zone. This is the best section along 
which to study the characteristics of mineralized versus unmineralized parts of the fault system. 
The Millennium deposit, which is at the centre of a dense block of high quality geophysical, 
geochemical and geological data, will be a primary focus of study on the B1 section. The data 
within the McArthur-Read Lake block is most dense along two SE-NW-trending seismic lines. 
The seismic lines and proximal drill holes provide ideal sections across the B1 and P2, and 
intervening subparallel, fault structures.  

The research team will focus on i) identifying the shallow exploration footprint caused by both 
syn- and post-mineralization fluid flow centered on the Millennium-McArthur River corridor, ii) 
fingerprinting and differentiating various sandstone- and basement-hosted alteration facies, iii) 
defining the outer extent of alteration and any geochemical, mineralogical and petrophysical 
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zoning that can define vectors towards ore, iv) characterizing the rock property and 
multiparameter geophysical footprint of mineralized versus barren parts of the Millennium- 
 

 

Figure 11. Magnetic field map (Saskatchewan Geological Survey) showing locations of the study area (outlined in 
blue), B1 and P2 trends (green dashed lines), conductor trends (red lines), and B1 study section and McArthur River – 

Read Lake study sections (white lines). 

McArthur River trend, v) cataloguing and interpreting kinematic indicators to determine fault 
history in relation to alteration and mineralizing events, and vi) testing the effectiveness of layered 
and scaled geophysics and geochemistry in focusing exploration on areas of high potential along 
the trend. The research emphasis will be on comparing barren versus mineralized parts of the fault 
system by better integration of geology, geochemistry, geophysics and rock properties. A major 
goal will be to differentiate productive EM conductors from background stratigraphic conductors. 
Although most of the work will be carried out on defined sections, ideally it will extend outside 
the footprint study area and link to research initiatives of the Athabasca Working Group of the 
Saskatchewan Geological Survey and Geological Survey of Canada (e.g., Bosman et al., 2011) as 
they develop a useable 3D model for the basin. In addition, the research team will be 
supplemented by an on-going TGI-4 study of the geochemistry of surficial materials in the 
Millennium area and of alteration along the P2 structure.  
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Research Coordination – The proposed research will be carried out in close collaboration with 
Cameco. A formal plan for research at the site was devised during a meeting between the project 
leaders and Cameco Corp. on 21-22 June 2012. The project structure will consist of Site Leaders 
(K. Ansdell and K. Kyser) who will be responsible for ensuring that researchers are working 
closely together and that data and knowledge are integrated between the different groups. An 
assigned Cameco representative will be responsible for coordination of research activities on site, 
and an embedded researcher will act as the liaison between the groups. 

Geology Component – This part of the project will systematically relate rock types, structure, and 
alteration characteristics within the study area to develop a comprehensive picture of the major 
controls on the alteration and mineralization along the defined sections. The aim will be to 
determine how basement features, the paleotopography of the unconformity, different sedimentary 
units, and cross-cutting structures affect the fluid dynamics and the distribution of the alteration 
and mineralization, and whether certain features are preferred pathways for fluid flow both close 
to and away from unconformities. The premise is that most alteration and mineralization events 
are localized around major fault corridors; therefore, understanding the character and timing of 
this fluid flow over time is fundamentally a structural problem. The research will include an 
analysis of the morphology, strain, and fluid history of the McArthur-Millennium corridor to 
determine whether unique structural scenarios focused and trapped fluids in the system. Major 
goals will be to determine whether fluid flow was vertical or lateral during different periods of 
fault history, whether the faults contained a number of hydrothermal cells (and what was their 
diameter or volume), to what extent primary basin permeability may have influenced fluid flow, 
and what approaches should be used to selectively identify favourable structures within the 
sandstone and basement.  

Mineralogy and Geochemistry Component – Multielement geochemical data sets are available 
for most deposits in the area, but the data on ore and alteration geochemistry are poorly linked to 
the primary lithogeochemistry of the host rocks or to the secondary dispersion. A detailed study of 
the ore and alteration will be undertaken to determine which elements are mobilized from deeply 
buried uranium deposits including intermediate daughter products, how these elements are 
dispersed, what processes control movement of these elements and how they are manifest within 
the ore system footprint, especially within the hanging-wall alteration. The geochemical and 
mineralogical component will focus on defining variations in silicate mineral alteration (clay 
minerals, chlorite, dravite) outwards from the mineralized core of the Millennium and McArthur 
deposits to the, as yet undefined and potentially very subtle, outer margins along and across 
structural corridors. The emphasis will be on 3D variability in the pattern of broad-scale alteration 
associated with the B1 and P2 fault systems, to determine whether it is possible to differentiate 
inflow from outflow zones, and to distinguish retrograde metamorphic haloes from hydrothermal 
alteration and paleoweathering effects from diagenetic alteration. A major question is whether 
different phases of silica dissolution and precipitation can be recognized and if these processes are 
directly related to uranium transport of deposition. The mineralogical and geochemical studies will 
also focus on resistivity discontinuities that have been discovered and tested to depth but have no 
associated economic mineralization to determine how these barren features can be distinguished 
from productive fluid upflow zones. This study will also examine other processes that may be 
related to mineralization. For example, extensive syn- and post-mineralization microbial activity is 
known to have occurred in the redox environment of all uranium deposits (and may be ongoing). It 
is a potential mechanism for mobilizing components from the ore (e.g., via gaseous complexes) 
and transporting them along fractures and permeable sandstone units to the surface. Techniques to 
trace subsurface processes in the alteration zones will be developed, such as measurement of 
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radiogenic isotopes like Pb, He, Cl and I in bedrock as a direct detection technique and use of C 
and N isotopes to trace increased microbial activity.  
Surficial Component – The more significant structures that host mineralization may reach the 
near surface environment and be expressed in the elemental and isotopic composition of surficial 
materials. The thickness of glacial sediments varies in the project area reaching up to 100 m. This 
research will focus on detecting how to see the surface expression of a fault or the permeability 
structure of the underlying sandstone and basement rocks, and the effects of topography and 
Quaternary sediments on the dispersion of metals from concealed deposits to the surface media. 
Drill core near the deposit, the A1, B, and C soil horizons, and vegetation over and far from the 
deposit will be sampled and analyzed. A major focus of this part of the project will be on 
resistivity "breaches" where fluids are thought to have followed structural weaknesses to surface 
(faults, breccias, unconformity, and the present surface). Key questions that will be addressed are 
what are the surface media that best reflect the leakage of components from the ore, how does the 
spatial distribution of surficial geochemical anomalies relate to faults and shear zones in the 
basement rocks (e.g., do the elements and gases move upward to the surface or through more 
complex conduits), and which anomalies at surface are definitive of mineralization at depth. A 
range of analytical methods to detect these anomalies will be tested with the goal of identifying 
near-surface techniques that are the most effective targeting approaches. Techniques to trace 
microbial activity in the subsurface will also be tested in overburden and other media to assess the 
role of microbes in surficial dispersion. Thick glacial deposits have been found to hamper 
geophysical interpretations at depth. Removing this near-surface signal, to gain more refined 
geophysical data of the underlying bedrock, will also require a better understanding of the 
Quaternary geology and mineralogy of the overburden. 

Geophysics Component – Although geophysics has been used mainly to identify proximal 
graphitic conductors in the basement, large regional structures also can be identified with magnetic 
methods, and the alteration zones can be identified with ground resistivity, gravity and 
occasionally with high frequency electromagnetic methods. Seismic reflection also has been used 
with some success to map the unconformity and structures that offset the unconformity. Because 
some recently discovered deposits are not directly spatially associated with the strongest 
conductor, the link to graphite needs to be reexamined. This research will focus on identifying 
detectable geophysical signatures of the structures that host uranium and determining how they 
can be best imaged. There is also a need to better image the deep structure and architecture of the 
local basin environment. A major effort will be made to integrate both ground and airborne survey 
data with rock property measurements, mineralogy and geochemistry. The research team will have 
access to a vast amount of legacy data that includes EM (GEOTEM, MEGATEM, HELITEM, 
ground EM), gravity, resistivity, and seismic data of variable quality and coverage. Additional 
high-quality geophysical data, including seismic and downhole surveys, will be obtained by the 
company during the project. Techniques to map the overburden and remove its gravitational signal 
also will be examined. The goal is to be able to efficiently image the alteration associated with the 
hydrothermal cell and to determine what combination of geophysical techniques and surficial 
geochemical methods could be effective at better defining the Millennium-McArthur River trend 
as well as post-Athabasca faults. The conductivity or resistivity derived from multiple series of 
EM surveys will be compiled to help map the alteration along the B1 section. Also, we will 
determine if S-wave data can identify the hydrothermal alteration below the 2D seismic line.  
Petrophysics Component – Comprehensive physical property measurements will be carried out 
in close collaboration with researchers studying the mineralogy and geochemistry of the ore and 
altered rocks. Where graphitic bodies are present, these are generally considered to be the major 
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controls on mineralization, but other reductants for uranium may also be involved in the 
mineralization. Characterization of these features of the rocks will be a major part of the 
petrophysics study. The effects of the fluids that formed or interacted with the uranium deposits 
will also be examined in the basement and the Athabasca sandstones around the deposits. A focus 
will be to determine what geophysical techniques, or combinations of techniques, will be able to 
detect different features of the alteration system and then to link the physical properties to 
inversion models. 

Inversion modeling – Inversions of airborne electromagnetic, gravity and magnetic data in the 
study area will be improved by new geological constraints arising from the site study and the 
physical properties measurements. Because many of the physical properties contrasts will be 
related to alteration, a good understanding of the size and character of the alteration system will 
help constrain the inversions. At the same time there can be strong contrasts in the basement, 
requiring physical property information below the unconformity. Specifically, overburden 
stripping project will allow identification of the density low that is masked by lateral changes in 
the overburden. Gravity and magnetic inversion constrained by 3D seismic, petrophysical 
measurements and geological models at Millennium will be used to show how constraints can be 
used to derive an inversion model that is more geologically realistic.  

HQP Requirements – In addition to the shared PDF/RA working on Data Integration, shared 
PDF working on Geophysical Processing, shared PDF working on Petrophysical Properties, and 
shared part-time PDF and PhD working on Hyperspectral Properties, the following will assist the 
researchers with their work on this site: 

• Embedded PDF/Research Associate – Data Integration: This person will compile available 
geological, structural, mineralogical, geochemical, geophysical, and physical rock property data along 
the B1 Trend, will coordinate new geologically-controlled sampling and data acquisition, and will take a 
lead role in ensuring a consistent approach to data integration by working closely with the different 
modeling groups. He/she will lead the analysis of structural controls on the ore system and evaluate the 
structural history of the controlling faults. This person will be supervised by K. Ansdell (Saskatchewan), 
K. Kyser (Queen’s), and D. Brisbin (Cameco), and will be based at U Saskatchewan and in the Cameco 
Exploration Offices in Saskatoon to facilitate day-to-day interaction with industry geoscientists and 
rapid transfer of data, but will report to the group. 

• PhD − Structure, Alteration, and Mineralization: This student will study the distribution, character 
and origin of alteration with a focus on the McArthur River-Read Lake block, and its relationship to the 
geophysical signature across the B1 and P2 fault systems, working under the supervision of S. Lin 
(Waterloo) and K. Ansdell (Saskatchewan) during years 1-5. 

• PhD – Overburden Stripping: This student will study ways to remove the overburden signature from 
airborne and ground geophysical data to improve geophysical interpretations at depth, using the U site 
as a test area, but with implications for exploration in much of Canada, working under the supervision of 
C. Farquharson (Memorial) and M. Ross (Waterloo) during years 1-5. 

• MSc – Lithoindicator Mineralogy: This student will study indicator mineralogy in the McArthur River 
– Millennium system, working under the supervision of D. Layton-Matthews and K. Kyser (Queen’s) 
and M. Schindler (Laurentian) during years 1-3. 

• MSc – Surficial Geochemistry: This student will work on surficial geochemistry, focussing on which 
media, techniques and elements provide the best reflection of “leakage” from mineralization to surface 
on both this site, working under the supervision of K. Hattori (Ottawa), K. Kyser (Queen's), and M. 
Ross (Waterloo) during years 3-5.  

• MSc – Seismic: This student will study the high-quality seismic data obtained across the Read Lake-P2 
sections during the EXTECH project, and determine whether the P and S wave signatures can delineate 
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structures and alteration zones. The person will work under the supervision of B. Milkereit (Toronto) 
and R. Smith (Laurentian) during years 1-3, but will interact extensively with the Embedded 
PDF/Research Associate and the Lin/Ansdell PhD student.  

• MSc – Petrophysical Properties: This student will measure and compile physical properties from 
surficial deposits in the area of the gravity gradiometer survey (for the overburden stripping project) and 
from core samples along the McArthur River - Millennium Trend, working under the supervision of M. 
Chouteau (École Polytechnique) and K. Ansdell (Saskatchewan) during years 1-3.  

• MSc – Inversion Modeling: This student will develop constrained inversion models for the McArthur 
River – Millennium Trend, working under the supervision of C. Farquharson (Memorial), D. Layton-
Matthews (Queen’s), and W. Morris (McMaster) during years 3-5. The primary focus will be on the 
Millennium deposit, where there is a good 3D geophysical and geological model developed by Cameco.  

• 4 BSc – To Be Decided: At least one BSc Honours student will be involved each of the three years field 
work is done in the McArthur River – Millennium area. 

3.6.4 Highland Valley Work Plan 
The research at Highland Valley will be carried out in close collaboration with the Teck 
Exploration Team based at Kamloops, B.C., and the Highland Valley mine staff. The Teck team is 
currently re-evaluating the Guichon batholith for further porphyry potential. The study area is 
centered on the large operating mine complex containing the “ore shell”, across which a series of 
sections will be selected for the Footprints Project, taking into account access, existing data, and 
geophysical surveys at both the property and camp scales. The ideal sections will extend out to the 
margins of the Guichon batholith, allowing the research team to map and sample outwards from 
the mineralized core of the porphyry system(s) to the edge of the alteration footprint. The different 
components of the research will use the same sample sites and, where practical, the same samples 
in order to facilitate comparisons between mineralogy, geochemistry, physical rock properties and 
geophysical signals.  

The research team will focus on i) identifying the presence of an alteration halo outside the 
economic mineralized zones, ii) defining the extent of the distal alteration and geochemical, 
mineralogical and petrophysical zoning that can vector towards the ore zones, iii) relating the 
bedrock features to anomalous features in the overlying surficial environment; iv) investigating 
the relationship between alteration and the geophysical signatures. The consistent collection of 
rock property data at each sample site will be essential for generating first-order constraints on the 
interpretation of the geophysics.  
Research Coordination – A formal plan for research at the site was devised during a meeting 
between the project leaders and Teck Resources Ltd. on May 22, 2012. The project structure will 
consist of the Site Leaders (C. Hart and P. Hollings) who will be responsible for ensuring that 
researchers are working closely together and that data and knowledge from the different groups 
are fully integrated in the different studies. An assigned Teck representative will be responsible for 
coordination of research activities on site, and an embedded researcher will act as the liaison 
between these groups. The research team will also coordinate its efforts with an on-going TGI-4 
study of the history and composition of glacial sediments covering part of the Guichon batholith. 
Geology Component – A major focus of the proposed research will be a full reconstruction of the 
magmatic and structural evolution of the HVC hydrothermal system(s), vertically and laterally, as 
a basis for characterizing the ore and alteration facies at different scales and developing a 3D 
picture of the major controls on mineralization. For example, several sets of faults, one of which 
offsets the intrusive stratigraphy and alteration zones between the Lornex and Valley deposits 
(Lornex Fault), appear to expose deposits that may be higher or lower equivalents of each other 
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(McMillan, 1976). Although the batholith consists of a series of nested intrusions, the porphyry Cu 
deposits are associated with the youngest two phases, which are relatively homogenous in 
composition (MacMillan, 1976, 1985; Casselman et al., 1995), simplifying the interpretation of 
compositional and physical property variations related to alteration. In addition, there are a 
number of known but barren porphyry-style alteration systems that may be studied in the same 
context. A time-space geological foundation that incorporates the various lithologies, breccias, 
structures and orebodies, and the paragenesis of the mineralization and alteration will be 
developed, incorporating all previous mapping, sections, age data, geochemistry, isotopes and 
related observations to provide a contemporary understanding of the HVC system.  

Mineralogy and Geochemistry Component – Lithogeochemical footprint models of porphyry 
ore systems are of particular value to explorers in poorly exposed and covered areas, where early 
drill hole data need to be assessed quickly. This study will provide a comprehensive evaluation of 
the major and trace element variability in fresh and altered rocks to characterize alteration 
zonation patterns, many of which are not observable by geologists logging core. The 
lithogeochemical study will be underpinned by detailed mineralogy and mineral-chemical data on 
the same samples, supported by field (e.g., SWIR) and lab-based analyses. The end product will 
be an alteration model at the system scale that will integrate lithogeochemistry, mineralogy and 
mineral chemistry with other features that may be relevant to fertility of the intrusions (e.g., 
accessory mineralogy such as the presence or absence of magnetite or the trace element content of 
refractory minerals such as rutile). This combination of data on fresh and altered magmatic rocks 
will help to characterize primary source magmas or magmatic processes that may be linked to 
economic mineralization. New data on such aspects as oxidation state and sulphur and water 
contents will enhance traditional whole-rock lithogeochemical data, potentially greatly improving 
the recognition of fertile magmas in large multiphase batholiths.  
Surficial Component – The mechanisms and detectable responses by which the primary ore and 
alteration minerals and elements migrate through surficial materials and are dispersed in the 
environment have been poorly researched. Understanding the size, shape and intensity of 
geochemical and mineralogical anomalies in surficial materials in the particular context of 
Canadian deposits, which lack significant supergene enrichment of copper in the ore, will be an 
important focus of the research at HVC. Zonation of resistate minerals in bedrock (including 
hydrothermal alteration assemblages) will need to be linked to the mineral assemblages found in 
overlying glacial-fluvial cover, both to help map the underlying rock types and to detect zonation 
associated with the alteration footprints. Research will focus on how primary metal zonation 
patterns in porphyry systems may be reflected in soils and tills and how hydrolysis and oxidation 
reactions that result in the enrichment of some trace elements and depletion in others may be 
recognized above deeply buried deposits, such as the JA deposit. Deeply penetrating geochemical 
techniques, such as upward migration of gases and borehole hydrology will be examined. 
Opportunities will be explored to link this research with programs at GeoscienceBC and 
Geological Survey of Canada. 

Geophysics Component – Magnetics, gravity, induced polarization, radiometrics, and spectral 
data are the traditional surveys employed in the exploration for porphyry deposits. Radiometrics 
and spectral surveys generally require outcropping altered rocks to be fully effective; however, 
other techniques can be used in covered terranes. If the soil cover is thin, airborne radiometrics can 
be used and electromagnetic methods can also be effective as an alternative to resistivity/induced 
polarization. Magnetics (e.g., Holden et al., 2011) and magnetotellurics are sometimes effective at 
mapping the large structures associated with alteration. In addition to testing a number of these 
techniques, this part of the project will focus on reinterpreting existing geophysical survey data by 
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integrating it with other footprint data, including alteration mineralogy and physical rock property 
measurements. The extensive database at HVC collected by Teck provides a unique opportunity to 
interrogate the geophysical signature of a porphyry Cu deposit together with a more robust 
geological, mineralogical, and geochemical model. Additional surveys, especially IP and seismic, 
will be carried out in partnership with other organizations (e.g., partner companies and TGI-4). 

Petrophysics Component – A full suite of physical rock property measurements will be required 
to model geophysical anomalies associated with the alteration footprint(s) of the HVC system. In 
complex alteration assemblages typical of porphyry deposits, measurements of the range of 
physical properties in different alteration assemblages must be supplemented with detailed 
mineralogical, and especially textural information, that define how the alteration processes 
affected the rocks. The measurement and analysis of the physical rock properties at HVC will 
focus on a combination of electrical methods on different rock types, alteration types, and ore 
types (e.g., pyrite-rich vs. chalcopyrite-rich vs. magnetite-rich; vein vs. disseminated) and their 
variability between downhole and benchtop. Physical property measurements will be carried out in 
collaboration with the Geological Survey of Canada (R. Enkin) using the protocols in Enkin et al. 
(2012). These physical property data will be integrated with the other data (geochemistry, geology, 
and hyperspectral data on core). 

Inversion Modeling Component – Gravity magnetics, induced polarization, resistivity, and 
electromagnetics are available to test inversion models in the HVC study. The major focus of the 
modeling will be on alteration. The use of geophysical inversions to recognize and locate ores and 
alteration footprints of porphyry system are best improved by building geological and physical 
property models to constrain parts of the inversions. The degree to which this modeling will be 
realistic will depend on the quality of the geological mapping (alteration mapping specifically) and 
measurements collected on altered outcrop and in boreholes. The inverse modeling will be done 
after these constraints are acquired; however, a major goal of the study will be an assessment of 
the value added by these constraints (i.e., comparing the inversion models before and after they are 
applied). The development of methods for the integration of geological and petrophysical 
information to improve forward and inverse modeling will be an important focus of the research. 
HQP Requirements – In addition to the shared PDF/RA working on Data Integration, shared 
PDF working on Geophysical Processing, shared PDF working on Petrophysical Properties, and 
shared part-time PDF and PhD working on Hyperspectral Properties, the following will assist the 
researchers in their work on this site: 
• Embedded PDF/Research Associate – Data Integration: This person will compile available 

geological, structural, mineralogical, geochemical, geophysical, and physical rock property data for the 
HVC area, will coordinate new geologically-controlled sampling and data acquisition, and will take a 
lead role in ensuring a consistent approach to data integration by working closely with the different 
modeling groups. He/she will also conduct the baseline geological mapping and reconstruction of the 
intrusive system. This person will be supervised by C. Hart (MDRU/UBC), P. Hollings (Lakehead), and 
A. Davies (Teck), and will be based at UBC and in the Teck Exploration Offices in Kamloops to 
facilitate day-to-day interaction with Teck geoscientists and rapid transfer of data, but will report to the 
group. 

• PhD – Alteration/ Geochemistry: This student will work on hydrothermal alteration and mineralogy in 
the Highland Valley system, working under the supervision of S. Gleeson (Alberta), C. Hart (UBC), and 
P. Hollings (Lakehead)  

• PhD – Surficial Geochemistry: This student will work on surficial geochemistry of the Highland 
Valley system, working under the supervision of K. Hattori (Ottawa), M. Leybourne (ALS), and M. 
Ross (Waterloo). 



Lesher – 15220 NSERC-CMIC-CRD - Integrated Multi-Parameter Footprints of Ore Systems   

 

	  

46 

• MSc – Lithoindicator Mineralogy: This student will study indicator mineralogy in the Highland 
Valley system, working under the supervision of P. Hollings (Lakehead) and G. Beaudoin (Laval)  

• MSc – Lithogeochemistry: This student will study the lithogeochemistry of the Highland Valley 
system, working under the supervision of S. Piercey (Memorial), C. Hart (UBC), and P. Hollings 
(Lakehead) 

• MSc – Physical Properties: This student will work on petrophysical properties for rocks in the 
Highland Valley system, working under the supervision of M. Chouteau (École Polytechnique) and R. 
Enkin (GSC-Victoria)  

• MSc – Geophysical Inversions: This student will develop constrained inversion models for the 
Highland Valley system, working under the supervision of C. Farquharson (Memorial) and J. Richards 
(Alberta)  

• 4 BSc – To Be Decided: At least one BSc Honours student will be involved each of the four years field 
work is done. 

3.6.5 Petrophysics, Geophysics, and Inversions 
Petrophysics – Density, magnetic susceptibility, magnetic remanence, electrical resistivity, and 
impedance spectra will be measured on ~1200 selected cores (400 from each site) at the GSC-
Victoria under the supervision of R. Enkin, primarily during Y1 and Y2. Most of the 
measurements of remanent magnetization will be done on non-oriented samples and therefore only 
the magnitude of NRM will be measured. If needed for interpretation, oriented samples will be 
sampled using a hand-held mechanical corer at a few selected sites. Additional samples will be 
measured for density, magnetic susceptibility, complex electrical conductivity, and (using one of 
the purchased spectrometers) gamma radiation at École Polytechnique under the supervision of M. 
Chouteau, primarily during Y1 and Y2. The complex conductivity spectrum will be obtained using 
the new Fuchs III (Radic Research) installed at École Polytechnique. Complex conductivity is 
essential at determining the Induced Polarization (IP) and resistivity response of rocks and 
mineralization. Magnetic susceptibility, induced polarization, resistivity, and P-wave velocities 
will be measured on selected samples at McMaster University under the supervision of B. Morris. 
Morris’ design for measuring induced polarization/resistivity using a signal generator and PC 
oscilloscope will be replicated at the other two measurement sites. We will investigate the 
possibility of using a system that can measure P and S wave velocities under pressure (e.g., M. 
Salisbury’s lab at the AGC, Halifax). Consistent sample shapes/volumes will be used for all 
measurements. We will also investigate the applicability of measuring anisotropic magnetic 
susceptibility, as some lithologies (e.g., iron formation) can exhibit significant magnetic foliations 
that can modify the resulting magnetic anomaly pattern. At the Canadian Malartic Au site, 
additional small scale geophysical surveys at outcrop scale will be undertaken to map the surface 
geophysical properties to see if there is some changes in physical properties that could be mapped 
with a geophysical survey to identify an alteration footprint. We are also planning to have the 
borehole geophysical logging facility managed by D. Schmitt (University of Alberta) take some 
physical properties measurements in boreholes if the equipment is available. 
As we will perform the main physical property measurements (density, magnetic susceptibility, 
resistivity, gamma ray spectrometry) in a few different laboratories (GSC-Victoria, McMaster, 
École Polytechnique), we will establish calibrations procedures and common measurement 
protocols in the first year in order to maintain compatibility and uniformity of the measured data 
that will be included in the database.  

One of the most important issues in geophysical interpretation is the scaling problem. Correlation 
between the geophysical response and the geology is done through the physical property of the 
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rock units; however, these properties are generally measured on small samples, typically 10 cm3, 
while the geophysical response is sensitive to elementary volumes of the order of 100 m3. We will 
use the opportunity in this project to perform sampling specially designed for a limited number of 
rock units at selected sites to address the problem of up scaling. Using existing closely spaced 
boreholes and surface outcrops where available, we will establish the distribution of physical 
properties in increasing larger volumes from measurements done on small prepared samples (~6 
cm3), core samples (~50 cm3) and rock cut samples (~1000 cm3). We will also use very detailed 
geophysical surveys at the outcrop scale to complete the database on which the scaling study will 
be performed. It will make use of existing geophysical logs and existing physical property data for 
the selected sites. Geostatistical modelling and simulation (e.g., Shamsipour et al., 2012) will be 
used to investigate the relationships at different scales.  

Geophysics – The principal focus of the geophysics section will involve work to support the 
geological mapping and the data compilation and integration. We will process the EM data 
collected along the B1 structure in the Athabasca basin to allow the conductivity in the sandstone 
to be imaged in three dimensions. This will give an indication of the physical property structure 
along the longitudinal section and provide focus for other studies on the hydrothermal fluid flow 
regimes. At HVC, similar work will be undertaken to get the different forms of geophysical data 
into an estimate of the appropriate physical property as a function of location in three dimensions. 
We will look at the horizontal component data collected at McArthur River to see if the S-wave 
seismic signal can map the alteration. The investigative work on hyperspectral properties will be 
done in Y3 and Y4 (after geochemical and mineralogical data are available) by a part-time 
Research Associate and a part-time PhD student, working under the supervision of B. Rivard 
(Alberta) and S. Gleeson (Alberta). At the Au site, various geophysical data will be collected to 
see if there is some indication of changes in the physical properties. This will involve collecting a 
variety of in-hole and/or cross hole resistivity (and possibly IP) data and will complement the 
small scale ground surveys undertaken in the petrophysical studies managed by École 
Polytechnique. The work will be undertaken by a combination of RA/PDF and summer students 
working under the supervision of R. Smith (Laurentian), B. Milkereit (Toronto), and B. Morris 
(McMaster). To ensure consistency, the majority of the geophysical compilation and processing 
for all three sites will be done by a dedicated 5-year PDF/RA, working under the supervision of R. 
Smith (Laurentian) and B. Morris (McMaster), but reporting to the group. 

Overburden Stripping – This work will involve i) compiling the physical property and 
quaternary geology information to be used as constraints in the inversion, ii) inverting gravity data 
(with constraints) to estimate thickness of overburden, iii) striping overburden response from 
gravity to see if underlying footprint and deeper structure (alteration and basement) can be 
mapped, iv) incorporating magnetic data into one or more of the above two approaches to see if 
more information about the hydrothermal footprint can be extracted, v) incorporating 
electromagnetic data into the above (four) approaches to see if further information can be 
extracted about the hydrothermal footprint, and vi) comparing the above approaches and 
determine the best strategy for a specific example.  
Inversions – 3D gravity and magnetic, 2D and 3D DC resistivity and induced polarization, 1D 
and 3D electromagnetic inversions will be performed using the software from the UBC 
Geophysical Inversion Facility, and using Geomodeller (Intrepid), EM Flow (Pitney-Bowes), and 
EMIGMA (PetRos EiKon). The highly regarded and well-tested UBC-GIF software will be used 
as an in-kind contribution. Four dedicated high-end personal computers will be used to run the 
inversions and do the forward modelling. When needed (e.g., for 3D controlled-source EM 
inversions) models will also be run on clusters at Memorial (20 nodes with 12 cores and 24 Gbytes 
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per node), UBC (8 nodes with 8 cores and 64 Gbytes per node), and Compute Canada consortia 
(e.g., ACEnet's placentia with 3740 total cores and 2-16 Gbytes per node). The inversions will be 
done in Y3 and Y4 (i.e., after the information needed to constrain the inversions is available) 
under the supervision of geophysicists C. Farquharson (Memorial), L.-Z. Cheng (UQAT), and B. 
Morris (McMaster), and geologists S. Piercey (Memorial), D. Layton-Matthews (Queen’s), and J. 
Richards (Alberta). It is envisaged that the key to the success of this work will be the geological 
constraints built by the other workers in the project, underlining the multidisciplinary focus of the 
project. UBC Geophysical Inversion Facility (GIF) inversion codes will be made available to 
researchers working on the project and UBC-GIF will host researchers for several days to several 
weeks to enhance their knowledge in the use of the inversion codes and carrying out inversions of 
their field data. These will be in-kind contributions, but the project will cover travel logistics and 
living expenses. 
HQP Requirements – In addition to the students doing physical property measurements, seismic 
studies, and inversions on the individual sites described above, the following will assist the 
researchers with the petrophysical, geophysical, and inversion work: 

• PDF – Petrophysics (Y1-Y2): This person will measure and compile petrophysical properties, working 
under the supervision of R. Enkin (GSC-Victoria) and M. Chouteau (École Polytechnique). 

• PDF – Petrophysics (Y3-5): This person will continue the work of the previous PDF, preparing master 
rock property databases in collaboration with the geologists and geophysicists, working under the 
supervision of M. Chouteau (École Polytechnique) and R. Enkin (GSC-Victoria). 

• PDF – Geophysical Processing: This person will process the geophysical data collected at all three 
sites, working under the supervision R. Smith (Laurentian) and B. Morris (McMaster). 

• PDF – Core Hyperspectral (partially-funded): This person will determine whether we will be able to 
incorporate drill core hyperspectral data into the footprint matrix, working under the supervision of B. 
Rivard and S. Gleeson (Alberta). If the results are promising, funding will be found to do more work. 

• PhD – Outcrop Hyperspectral (partially-funded): This person will determine whether we will be able 
to incorporate outcrop hyperspectral data into the footprint matrix, working under the supervision of B. 
Rivard and S. Gleeson (Alberta). If the results are promising, funding for this will also be found to do 
more work. 

3.6.6 Data Management, Integration, and Analysis 
Data management, integration, and analysis will be one of the first part of the project to begin, will 
continue throughout the project as data are added and reevaluated, and will be the last part of the 
project to be completed. The work will begin at the three study sites and once all existing data 
have been captured, the data will be conditioned and leveled at Mira and DGI. Data analysis will 
be done at Mira, DGI, McMaster University, and the University of Western Ontario. The role of 
the Mira-based researcher will be to develop the methodologies, whereas the role of the site-based 
researchers will be to ensure that the results of site-specific studies are integrated into larger 
models of the ore-system footprints, with particular emphasis on developing common methods to 
interrogate those data and derive the most effective combinations of exploration parameters. Each 
of the site researchers will spend time with the partner companies and with Mira and DGI to 
develop the data integration products for each site. They will work closely with the embedded 
researchers at each site to develop the integrated 2D and 3D footprint models and to carry out the 
geostatistical analyses required to define them.  

HQP Requirements – In addition to the three PDFs/Research Associates embedded at the 
research sites, the following will assist the researchers with the data integration work: 
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• Embedded PDF/Research Associate – Data Integration: This person will work closely with Mira 
under the supervision of B. Morris (McMaster), N. Banerjee (Western), and J. McGaughey (Mira), with 
assistance from H. Ugalde (PGW) and K. Tiampo (Western). 
 

3.7 Novelty and Innovation 
This project contains many novelties and innovations, not only in technology and methodology, 
but also in function: 

3.7.1 Complete Integration of Geology, Mineralogy, Lithogeochemistry, Surficial 
Mineralogy/Geochemistry, Petrophysics, and Borehole/Surface/Airborne 
Geophysics 

A major innovation of the project will be new approaches to linking the geophysical signatures of 
ore systems to their petrophysical, whole-rock geochemical, and mineralogical attributes. 
Quantitative methods for estimating mineralogical and geochemical transformations from 
geophysical data – so-called constrained inversions – have been in use for several decades. 
However, the interpretations are typically done in isolation and are limited by the extent of ground 
truthing and characterization of the end-member components. Selecting the right end-members 
and fully characterizing their mineralogical and geochemical attributes as determinants of their 
physical properties (e.g., alteration mass gains and losses resulting in changes in rock volume and 
density; magnetite destruction resulting in decreases in magnetic susceptibility) are critical aspects 
of the proposed research. In the subtle alteration zones in the intermediate and peripheral parts of 
large ore-forming systems, there is a significant knowledge gap in the relationship between 
alteration type and changes in the physical properties of the rocks. These are either unknown or 
poorly integrated with geophysical models. The proposed research will result in more accurate and 
meaningful interpretations of geophysical response, will enable better recognition of geophysical 
signals that are directly related to ore formation, and will help isolate the most important 
quantifiable parameters. In the case of the Au subproject, we will produce geological/exploration/ 
genetic models for new class of large tonnage, low-grade deposits. In the case of the U project, we 
will produce geological/exploration/genetic models for highest grade U deposit in the world. In 
the case of the Cu subproject, we will produce one of the first comprehensive 
geological/exploration/ genetic models for a deep porphyry Cu-Mo-Au system.  

3.7.2 Application of Innovative Technologies 
The proposed research will emphasize the application of both new tools and recent advances in 
existing tools for recognition of mineralized systems in environments where detection of deposits 
must rely on few outcrops, few measurements, or muted signals. This requires improved 
technologies for geochemical vectoring (e.g., to distinguish barren from mineralized systems at a 
large scale and from limited data) and better methods to detect dispersion of metals from 
mineralized to alteration halo and to host rocks and to the surface media. The research will explore 
new and emerging technologies that can be used to test the physical and chemical responses of 
many different parts of the ore and alteration system both in the laboratory and in the field and that 
significantly improve detection thresholds and signal-to-noise. The emphasis will be on borehole 
and portable analytical tools, which are particularly important for exploration activities in remote 
areas in northern Canada where shipment of samples for analysis is time-consuming and the field 
seasons are short. These methods will include: 
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1) Borehole gravity, which has long been used in much larger petroleum industry exploration 
boreholes, but recent advances have produced instruments that can be used in smaller-diameter 
mineral exploration boreholes and that require much less time for measurement 

2) Borehole vector magnetics, which permits resolution of finer scale variations in magnetic 
properties that distinguish different mineralization and alteration types 

3) Borehole-to-borehole electromagnetics, induced polarization, radar, and seismics, which have 
never been tested for mapping the footprints of gold ore deposits 

4) Measurement of horizontal components of reflection seismic signal (S-waves), which might be 
sensitive to alteration in the Athabasca Basin and provide a way of identifying the footprints of 
hydrothermal systems associated with uranium mineralization 

5) Joint borehole/ground induced polarization methods, which to our knowledge have not 
previously been used to map the footprints of porphyry copper deposits 

6) Physical property measurements in a 10 km zone around a gold deposit using field portable 
instruments that can be used by an exploration company 

7) Development of new overburden stripping methods for glaciated terrains, which will allow the 
gravity method to detect alteration footprints below overburden that masks and obscures the 
gravity signature of the footprint 

8) Application of the new generation of portable X-ray fluorescence spectrometers and 
shortwave/longwave infrared spectrometers to characterizing mineralogy and alteration 

9) Application of the new generation of laser ablation ICP-MS and mineral liberation analyzers to 
detect new types of primary and secondary dispersion halos (e.g., hydrogeochemical, soil, 
gases, indicator minerals) and new types of geophysical footprints (e.g., neothermal anomalies) 

3.7.3 Integrating the Footprint Matrix 
Developing a genuinely quantitative multi-scale, multi-parameter targeting model that can 
be compared to field data − A major innovation of the proposed research will be the 
development of methods for meaningfully combining diverse data sets into unified footprint 
models. Even where data are abundant, the footprint matrices of almost all large-scale ore-forming 
systems suffer from poorly integrated geological, geochemical, and geophysical observations that 
are interrogated individually or without qualification that may overemphasize some attributes, 
underemphasize other attributes, and miss key relationships between attributes. A variety of data-
integration platforms and methodologies will be applied to the analysis of the footprint matrices in 
this project. Sensitivity analyses derived by querying the integrated data sets will be employed in 
directing field measurement programs. Using integrated responses and simultaneous interpretation 
of different survey results will significantly improve the ability to detect key features of the ore-
systems in both new and existing exploration data sets. Involving service provider sponsors in this 
critical aspect of the research will ensure wider usage of new methods and approaches developed 
during the project. Access to SOSCIP will greatly increase the number, quality, and resolution of 
3D joint/mutual inversions and multiple-parameter statistical analyses that can be done. This will 
allow us to fully exploit the inversion and statistical technology that we will have available to us 
and not be limited by computer resources, which is currently often the case. 
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3.7.4 Workflow and Best Practices for Designing Multidisciplinary Exploration 
Models that Transcend Ore Deposit Types 

The proposed research project will involve unprecendented levels of interaction between 
geologists, mineralogists, geochemists, petrophysicists, and geophysicists. Although these 
disciplines have always benefitted from interactions during meetings and from the results of 
published research, by working together in multidisciplinary teams, this project will greatly 
enhance and accelerate that process, resulting in fundamental rather than incremental changes in 
our knowledge of ore footprints. The same geology, mineralogy, geochemistry, surficial materials, 
petrophysics, and geophysics Integrative Science Groups will coordinate and drive the research at 
all three study sites. Their work will be guided by geologic models and compilations developed by 
the Site Working Groups. Researchers embedded with the companies will be responsible for the 
baseline geological models and will facilitate and guide integration of existing exploration data 
and in-house company knowledge. The embedded researchers will not only become familiar with 
the property and data access, but will also be the main points of contact between the research 
teams and company personnel. Students conducting thesis research will report to their immediate 
supervisors, but also to the working groups, thereby ensuring integration of results across the 
research teams and more meaningful collaborations between geologists, geochemists, and 
geophysicists involved in the project. This powerful approach to research derives maximum 
benefit from the experience of teams who have worked at different sites and emphasizes the 
importance of testing different methodologies in a range of ore systems. By comparing the 
workflows and best practices for the three different ore deposit types, we will be able to develop 
exploration strategies that transcend ore deposit types and have the potential to detect features that 
are not resolvable using current deposit-based exploration methods.  

3.7.5 Structured Approach to Multidisciplinary HQP Training 
A new generation of explorationists – As noted in the Training of HQP section, this project will 
generate truly multidisciplinary HQP, able to integrate geology, geochemical, petrophysical, and 
geochemical data and fully prepared to deliver the next generation of mineral discoveries. The 
large and multidisciplinary nature of this project and the broad range of interaction between RAs, 
PDFs, PhD, MSc, and summer students will provide a dynamic environment for learning. The 
RAs and PDFs will be training each other in their respective disciplines and at the same time 
learning from the graduate students in their areas of specialization. This structure parallels the 
structure in large mineral exploration companies and provides our HQP with relevant broad and 
practical industrial experience. In many cases, most geologists are employed by junior companies 
and consultancies and are not exposed to this type of environment.  

3.8 Project Organization and Management 
The organizational structure (Figure 12) will comprise a Board of Directors that includes 
representatives of the corporate sponsors, a Scientific Advisory Board comprising technical experts 
from outside the project and sponsor companies, a Project Directorate comprising the two co-
Directors, and a Research Technical Committee composed of the leaders of the Site and 
Integrative Science Groups.  

3.8.1 Board of Directors 
The Board of Directors will provide both guidance and oversight. It will have the responsibility 
for developing policies and guidelines, monitoring work activities and progress, and approving all 
work plans and budgets submitted by the Directorate. The Board will also prepare the report that 
will be sent to NSERC each year, which will be the basis for approving and allocating continued 
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matching funds. The members of the Board will be nominated and approved by CMIC and 
NSERC, and will include an independent (arms-length, non-sponsor) Chair, 4 representatives from 
industry sponsors, 3 representatives (1 each) from the collaborating provincial geological surveys, 
1 representative from the Geological Survey of Canada (TGI4) program, and a non-voting 
representative from NSERC. The Board will meet at the Annual General Meeting and quarterly by 
teleconference. 

 
Figure 12. Organizational chart for the Footprint Project 

3.8.2 Scientific Advisory Board 
The Scientific Advisory Board will provide technical and scientific advice to the Board of 
Directors regarding the project. It will be chaired by a prominent member of the Canadian 
geoscientific community and the members will include technical experts in the different 
disciplines, both academics and representatives from the mineral industry, who not sponsoring or 
otherwise participating in the Footprints Project and who will be appointed by the Board of 
Directors and approved by CMIC and NSERC. The Scientific Advisory Board will meet regularly 
with the Directorate and Research Technical Committee to ensure that the research program meets 
the stated goals and to assist in the definition of specific research activities. The Scientific 
Advisory Board will report annually to the Board of Directors with an independent evaluation of 
the progress of the Project. 

3.8.3 Directorate and Secretariat 
The day-to-day operational component of the Footprints Project will be led by the co-Directors, 
M. Lesher and M. Hannington (Figure 13). Both have an wide range of experience managing 
large multidisciplinary, collaborative research programs (see Research Team Expertise), and are 
internationally recognized experts in several areas relevant to the research in this project. The 
Directors will co-chair the Research Technical Committee and report annually to the Board of 
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Directors on progress, planned activities, and budgets. The Directorate will have primary 
responsibility for allocation of funds to the research groups through subcontracts with their home 
universities. The Directors will be assisted by a full-time Project Administrative Manager and a 
part-time Information Technology Officer, who will be based in the project Secretariat.  

 
Figure 13. Organizational chart for the Footprints Project operational components 

The Project Secretariat will be based in the Mineral Exploration Research Centre (MERC) at 
Laurentian University, which has considerable experience in managing large multidisciplinary 
collaborative projects related to mineral exploration, including the $8M Ontario Mineral 
Exploration Technology program, a $1.2M component of the Discover Abitibi program, two 
$2M+ NSERC-IRCs, and numerous other NSERC-CRDs. The Secretariat will manage the budget 
of the project, coordinate all of the meetings, maintain the project website and ftp server, facilitate 
interactions between sponsors and researchers, and manage media communications. The 
Secretariat will include a full-time Administrative Manager. This person will ensure the orderly 
distribution of funds to researchers, set up meetings of the Research Technical Committee and 
Boards, collect site leader reports on a regular basis, provide financial oversight on a quarterly 
basis, and prepare financial and budget statements on an annual basis. The Secretariat will also 
include a part-time Information Technology Officer who will work closely with the Integrative 
Science Groups on data handling and manage the project ftp and web sites.  

3.8.4 Research Technical Committee 
The main research operational component of the Footprints Project will be overseen by a Research 
Technical Committee, chaired by the co-Directors and comprising the Site Leaders and Integrative 
Science Group Leaders. The Research Technical Committee will be responsible for coordinating 
the research activities of the Site and Integrative Science Groups. It will review site work plans, 
budgets, and staffing requirements, and ensure that all activities address the scientific goals of the 
overall project and the needs of the industry sponsors. The Directors and Research Technical 
Committee will also hold quarterly conference calls and will meet prior to the Annual Meeting 
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with the Scientific Advisory Board to discuss research goals, outcomes, and future directions of 
the project. 

3.8.5 Site Working Groups 
There will be at three Site Working Groups composed of all of the Co-Applicants, Academic 
Collaborators, Industry Collaborators, Research Associates, PDFs, and graduate students working 
on the sites. Each Site Working Group will have one Site Leader and one or more Co-Leader(s) 
(Figures 13, Table 2 below) to spread the workload and to ensure continuity should one leader 
become unavailable. All of the leaders are nationally/internationally recognized in their fields, 
most have experience managing large research projects, and many have extensive managerial 
experience. The Site Leaders will direct the research at each site and will report to the Research 
Technical Committee on matters specific to each site.  
MSc and PhD students will undertake research within the Site Working Groups on topics that 
require more than one to three field seasons at a given site. Students in the Site Working Groups 
will have individual thesis supervisors and narrowly-defined research projects to ensure that they 
are able to complete their degree requirements within 2-4 years.  

3.8.6 Integrative Science Groups 
Seven Integrative Science Groups (lithogeochemistry, mineralogy, surficial materials, 
petrophysical rock properties, geophysics, inversion modeling, and data integration) composed of 
all of the Co-Applicants, Academic Collaborators, Industry Collaborators, Research Associates, 
PDFs, and graduate students with expertise in those areas will conduct research on different 
components of the ore-system footprints at each site. Each Integrative Science Group will have 
one Leader and one or more Co-Leader(s) (Figure 13, Table 2 below) to spread the workload and 
to ensure continuity should one leader become unavailable. The leaders are all experts in their 
fields and committed to the multidisciplinary, collaborative approach of the project. 
The concept is that the same technical team will work together at all three sites to ensure that 
critical data are collected and treated in the same way for the entire project (e.g., Figure 14). 

 
Figure 14. Schematic workflow of the Site Working Groups and Integrative Science Groups 
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Individual students focused on the geology, mineralogy, lithogeochemistry, surficial materials, 
petrophysical rock properties, geophysics, and inversion modeling may work one or more sites, 
but will belong to a team with members working at all 3 sites. This will ensure maximum 
fertilization of ideas across the projects. With most of the research conducted by the Integrative 
Science Groups, shorter-term deliverables are expected for each site (2-3 years), with 
opportunities for some students to conduct research at more than one site. The project will also 
have a dedicated Data Management, Integration, and Analysis Group, who will work with the site 
leaders, embedded researchers, and Integrative Science Groups on data handling, integration, and 
coordinated statistical analysis by the different research teams to ensure that they are done in a 
consistent fashion. 

3.8.7 Embedded Researchers 
The U and Cu Site Working Groups and the Data Integration Group will include an Embedded 
Researcher (PDF or Research Associate), who will be based at appropriate universities but who 
will spend considerable amounts of time in exploration camps and/or offices, working alongside 
company personnel, preparing the geological base for the Integrative Science Groups, 
coordinating sample collection, helping to import site-specific data into the subprojects, 
overseeing logistical issues on site, and ensuring maximum interaction with the host companies. 
They will be the primary contact for the research team and the companies hosting the study sites 
and will report jointly to the host company and the site leader. The free flow of information, 
interpretation, and knowledge between the researchers and the host organization will allow the 
researchers to better understand the nature and limitations of the data and therefore improve the 
quality and relevance of the work – to the benefit of both the researchers and the host 
organizations. The Au project will not have an embedded researcher, but the PDF/Research 
Associate will still spend a considerable amount of time in Malartic.  

Note that the embedded researchers will not be employees of the companies working on the 
project, as they will be based at universities, will be working entirely on the research project, and 
will not be working on any company projects. They will also not be “interns” learning industry 
skills in an industry environment or “practitioner researchers” learning research skills entirely in a 
research environment. They will be learning applied research skills in both industry and academic 
environments. 

3.8.8 Technology Transfer Committee  
This committee will select and accelerate the key discoveries of the project, from technological 
tools to strategic approaches in the use of footprint in mineral exploration, first amongst the 
sponsors and eventually (after prescribed blackout periods) the wider community. The Technology 
Transfer Committee will be responsible for evaluating technologies that deserve further 
demonstration and/or more work toward innovation. In the latter case, the committee may 
recommend and support projects downstream of applications, especially using private funding or 
specific Idea to Innovation (I2I) programs. The committee will be composed of volunteering 
industry collaborators, especially members of the Mining Service Companies, will be Chaired by 
the Technology Transfer Leader (M. Jébrak) and a member selected by the Board of Directors, 
and will report directly to the Board of Directors.  

3.8.9 Budget Management  
Funding for the various components of the project will be disbursed under subcontract from the 
Secretariat to the Leaders of the Site Working Groups and Integrative Science Groups, who will 
have their work plans and budgets approved by the Directorate and Board of Directors. Annual 
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financial reports will be prepared in accordance with NSERC policies and compiled by the 
Secretariat. 

3.8.10 Communications, Reporting, and Information Transfer 
Day-to-day communication within the Site Working Groups and Integrative Science Groups will 
occur via e-mail/teleconference. Site Leaders and Embedded Researchers will communicate 
regularly (at least weekly) with the host companies at each study site. The Research Technical 
Committee will meet quarterly (or via conference call) and minutes will be forwarded to the Board 
of Directors through the Directorate. All researchers and sponsors will meet at annual Field 
Workshops and General Meetings, which will be attended by the Board.  
Field Site Workshops will be held at each site at or near the end of the first few field seasons to 
provide an opportunity for the researchers and sponsors to review the work that has been done that 
field season and to interact while examining the rocks/core/maps first-hand.  

Annual General Meetings will be held each March, immediately before or after the Prospectors 
and Developers Association of Canada (PDAC) annual convention in Toronto, which most 
participants attend regularly. The timing of the meeting allows for reporting of work done during 
the Fall and early Winter, and planning of summer field work, so is an opportune time for the 
annual meeting. We will also likely hold informal meetings immediately before or after the 
Exploration Roundup meeting in late January in Vancouver, which many participants attend 
regularly.  
Annual Reports will be prepared to coincide with NSERC Guidelines for reporting and 
evaluating the results of the project. They will present all new data collected (which will be posted 
in a password-protected section of the project ftp site), preliminary interpretations, and plans for 
the following year.  
Technical Workshops will be held regularly throughout the project on topics considered to be 
most useful to advancing the goals of the project and transferring information between the 
academics, exploration companies, and service providers. The project will begin with a 2-day 
“Earth Modeling 2012” workshop to be hosted by Mira Geoscience in Montréal on 17-18 October 
2012, which will combine their annual gOcad® Mining users meeting with a one-day symposium 
on advanced 3D geoscientific data integration. We also expect to hold a software training 
workshop to be hosted by GeoSoft at the Exploration Roundup meeting in January 2013 or the 
PDAC meeting in March 2013. Additional workshops will be identified as the project progresses. 
“White Papers” – informal reports of research methodologies relevant to mineral exploration in 
general and the Footprint project in particular – will be provided to the sponsors as the project 
develops. The first two of these White Papers, a summary of recommended Sampling and 
Analytical Methods and a summary of recommended Quality Control / Quality Assurance 
(QC/QA) Methods, both by S. Piercey (Memorial), are planned to be released in mid-late January 
2013.  

3.9 Outcomes and Deliverables 
The main products of the research will be fully integrated footprint models of three major types of 
ore systems in Canada and a methodology for creating similar models of other ore deposit types. 
Each case study will include a fully populated matrix of detectable features of the ore system at 
multiple scales and the linked databases from which those features were identified. The case 
studies will also include strategies for acquisition of new data to enhance or expand the models.  
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Specific products for each of the study sites will include: 

1) Integrated maps and sections of the detectable features of the ore-system footprint, including 
geological, mineralogical, geochemical, and geophysical attributes and derived information. 

2) Full characterization of the petrology and mineralogy of the ore system, including mineralized 
as well as barren host rocks, at the local and camp scales. 

3) Characterization of the dispersion halo in surficial materials, including mineralogical and 
chemical components in soils, till, stream sediment, and ground waters, and interpretation of the 
upward migration of ore metals from ore to surface media, and the effects of Quaternary geology 
on metal dispersion. 

4) An integrated database of physical and hyperspectral rock properties (lab and in situ) linked to 
the mineralogical and geochemical attributes of the ore-hosting lithologies and specific alteration 
facies.  
5) Comprehensive analysis of derived signatures of the ore system, such as the geophysical 
responses of different alteration assemblages or volumes. 
6) Reprocessing of existing geophysical survey data with new software and constrained by new 
geological information and physical rock property measurements specific to the ore system.  
7) Modifications of existing tools or methods to enhance the measurement and detection of 
specific geophysical, geochemical, and lithogeochemical signatures of the footprints at a range of 
scales. 

These products will be delivered through research reports, student theses, and workshops where 
sponsors can learn to build integrated footprint models from their own data. Annual reporting will 
include compilations of developing data layers on sections of the selected ore systems with 
associated documentation and metadata. When sufficient data are available (e.g., after the first 2 
years of study at each site), results of the data integration and multi-dimensional analysis of the 
footprint matrix will be included, linked to 2D models of the reference sections. As per the 
intellectual property agreement outlined further below, all work of academic interest will be 
published in peer-reviewed internationally-circulated journals and books. 

4 Relationship to Other National and International Research Initiatives 
Several related national and international research initiatives have recently been completed or will 
run concurrently with the Footprints Project.  

In order to maximize the field presence at the various study sites, several projects will involve 
direct collaboration with the Targeted Geoscience Initiative-4 (TGI-4) and Geoscience for Energy 
and Minerals (GEM) Program of the Geological Survey of Canada. For example, TGI-4 
researchers and their provincial partners will be providing the essential geological framework for 
the core of the mineralized system at the Au site, and similar collaboration is expected at the U 
site. Students in those Site Working Groups will be part of the TGI-4 program. The project will 
also apply for complementary TGI-4 support to carry out specific surveys that are beyond the 
capacity of the university teams (especially larger-scale geophysical or surficial geochemical 
sampling programs). TGI-4 will also provide the active participation of one senior researcher (R. 
Enkin), a PDF position in petrophysics, and a large number of petrophysical measurements as in-
kind contributions to the project. 
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C. Guilmette, A. Williams-Jones, and P. Corcoran (researchers in this project) are in the process of 
planning complementary research on the pre-existing regional scale metamorphic architecture of 
the Pontiac subprovince in and around the area of the Canadian Malarctic deposit that will involve 
one PhD and one MSc student, with possible additional funding by Bureau de l’Exploration 
Géologique du Québec (BEGQ-MRNF). If that study materializes, it will be included in this 
project. 
A NSERC Strategic Project Grant to evaluate and improve the effectiveness of the ZTEM (Z-axis 
Tipper Electromagnetic survey) airborne EM system will be running concurrently with this 
project. Although it will be tested on porphyry Cu targets, they will be outside of the area of this 
study. The PI on that project, J. Richards, will be a collaborator on this project, ensuring that no 
work is duplicated and that when the results of that study are publically available, they are 
incorporated into the knowledge base of this project. 
Several projects funded by AMIRA (Australian Mineral Industry Research Association) will be 
generating results at international sites that are directly relevant to the integrated Footprints 
Project. AMIRA currently is funding approximately $11M in research on ore deposits in Australia 
and overseas with a focus on enhancing exploration success. The largest of these projects (P1060) 
Enhanced Geochemical Targeting in Magmatic-Hydrothermal Systems ($3.6M) extends an earlier 
project (P765A) on Geochemical and Geological Halos in Green Rocks and Lithocaps of Porphyry 
and Epithermal Districts. P765A produced a series of mineral chemistry vectors within porphyry 
copper systems, enabling distinction of barren (e.g., metamorphic) versus mineralized alteration 
assemblages. P1060 will continue this work, emphasizing the identification of the distal 
mineralogical footprint of these systems. P. Hollings has been a collaborator on P765 and P765A, 
and is currently working on P1060, consequently he will be able to ensure that no work is 
duplicated and disseminate the results once they come out of confidentiality. The second largest 
project (P778) Predictive Geochemistry in Areas of Transported Overburden ($2.7M) is testing 
field and laboratory protocols for different surficial media (biota, gas, shallow soil) used in 
mineral exploration in Australia and Chile. Several other projects (P923, P972, P1041) are more 
narrowly focused on the specific applications of detailed mineral chemistry (e.g., using LA-
ICPMS to fingerprint pyrite generations that are uniquely associated with ore forming events). 
AMIRA project P1022 is developing an algorithm for rapid inversions of TEM data. Another 
project is developing a database of physical rock properties of surface and drill core samples from 
mineralized districts, using ArcGIS and a relational database structure to encode and integrate the 
petrophysical data with existing geological and geophysical information. As the on-going 
Australian studies emerge from confidentiality, we expect that some of the results will directly 
benefit the Footprints Project. For example, the $112M Deep Exploration Technologies CRC in 
Australia, which is supported by four CMIC sponsors, is developing new logging and sensing 
tools that may be tested in this study. A major difference between the AMIRA suite of projects 
and this proposal is our focus on integrated vectoring within ore-systems. Whereas, the AMIRA 
projects are developing the specific mineralogical, geochemical, and geophysical indicators of 
proximity to ore, this proposal seeks to combine those signals into new integrated ore-system 
footprints relevant to the Canadian exploration environment.  

The Australian research programs reflect a major shift in focus for minerals-related geoscience, 
recently articulated by the Australian Academy of Science (AAS). Among the high-priority 
strategic research initiatives of the future identified by the AAS was understanding mineral 
systems at a very large scale by mapping their signals from source, through fluid delivery 
pathways, to the sites of metal deposition and beyond. They recognized that current exploration 
targeting is plagued by false positive anomalies, a key risk factor in the industry, and that better 
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knowledge of regional background variations is needed. The proposed Footprints Project 
addresses many of these same challenges in the Canadian context.  
Once the results of the Footprint project become public, a value-added component will be a 
collaboration with John Walshe, Chief Research Scientist at CSIRO in Kensington, Western 
Australia. Walshe interprets gradients in S-C-O isotopic compositions to reflect redox gradients, 
which are important markers of critical fluid flow paths, and Au deposition may be directly related 
to these redox gradients. He has a data set of several thousand S-C-O isotopic analyses from Au 
deposits in the Kalgoorlie terrane at the "camp scale" (within a few km's of Au deposits) and is 
interested in collaborating with us. At an appropriate stage we will compare our Abitibi data set 
with his Kalgoorlie dataset to establish the overall applicability of this method. 

5 Technology Transfer and Disposition of Intellectual Property 
Exploration technology developed in this project will be used by the sponsor companies in active 
exploration programs to target search areas and vector within ore systems, and also by companies 
providing that service. The direct involvement of industry sponsors in the project, together with 
embedding of researchers with the companies, will ensure that the sponsors are fully engaged and 
that the results are transferred to the partners quickly. New technology will be transferred directly 
to the companies through site planning workshops and annual field workshops, annual general 
meetings, and annual reports, and to other users through conference proceedings and peer-
reviewed scientific publications, in many cases in special sessions or special publications devoted 
to the project. Students will have the opportunity to present their work, as formal theses, in journal 
publications, and at national and international scientific meetings, and will develop the skills 
needed to communicate their results to the user community. No additional steps in the 
development or commercialization of the technology, beyond the demonstration of its use, are 
anticipated but this is not excluded.  

Non-confidential information about the research will be posted on a public website devoted to the 
project. The researchers and sponsors agree to permit publication of the titles of the projects, the 
names and institutions of the researchers and the sponsors, and the amounts of funding for public 
relations purposes. Sponsors will receive quarterly reports summarizing progress on all phases of 
the project and annual reports summarizing the results. The large amounts of data compiled and 
generated in the project will be maintained on a secure ftp server; sponsors will have immediate 
access to all geological, mineralogical, geochemical, petrophysical, and geophysical information 
produced during the project.  

A formal IP agreement will be finalized prior to final approval of the project by NSERC. In 
general, industry sponsors will retain the rights to the IP they provide to the project, the 
researchers will retain the rights to the IP they provide to the project, and all parties will agree to 
keep the results of the project confidential. The researchers will have the ability to publish the 
results in scientific outlets 12 months after being reported to the sponsors and the ability to submit 
the results for publication (i.e., review) 6 months after being reported to the sponsors. There will 
be no delays on presentations that are part of degree requirements or on submission and defense of 
student theses. All products will be made public at the end of the prescribed periods of 
confidentiality. 
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6 Research Team Expertise  
We have assembled one of the strongest research teams ever brought together in Canada for a 
project of this type. 42 researchers from 24 universities and 27 senior geoscientists from 25 
mining exploration and mining service companies, including geologists, mineralogists, 
geochemists, petrophysicists, geophysicists, and computer modelers, have identified themselves as 
co-applicants or collaborators (Table 5). They include established senior researchers, mid-career 
scientists, and some of the very best of the younger generation of Canadian geoscientists. All of 
the researchers are nationally and internationally recognized scientists; several hold NSERC 
and/or industry-established research chairs, almost all currently hold NSERC Discovery grants, 
most hold or have previously held other NSERC grants, almost all have held other industry grants, 
many have won major national/international awards for their scientific achievements, and several 
serve on the editorial boards of some of the top peer-reviewed, internationally-circulated journals 
in exploration geology and the geosciences. All of the applicants and collaborators have strong 
records of training HQP for positions in academia, government surveys, and the mining industry 
(see Forms 100). 
Table 5. List of Co-Applicants and Academic Collaborators, affiliations, roles in project, and where applicable 
NSERC Discovery Grants (DG), NSERC Industrial Research Chairs, other NSERC grants, major awards, and current 
activities 

 
Name 

 
Affiliation 

 
Role 

 
DG 

 
CRD 

Other 
NSERC 

 
Awards 

Current  
Activities 

Co-Applicants 
Lesher, Michael Laurentian  Project Director C 1C/4P P-IRC Derry AE Min Dep 
Hannington, Mark Ottawa Project Co-Director C 1C/P P-ACC FRSC, Derry, 

Silver, Gross, 
Lindgren 

 

Ansdell, Kevin Saskatchewan U Site Leader C 1C/2P    
Banerjee, Neil Western Data Integration Co-Leader C P    
Beaudoin, Georges Laval Mineralogy Leader C 1C/3P C-IRC  Editor Min Dep 

Director DIVEX 
Chouteau, Michel École  

Polytechnique 
Physical Properties Leader C 1C/6P P-IRC 

P-SRO 
  

Farquharson, Colin Memorial  Inversion Modeling Leader  2C C-LOF  AE Geophysics 
Gleeson, Sarah Alberta Lithogeochemistry Co-

Leader 
C 1C/1P  Gross, Lindgren, 

Robinson, YSA 
AE Econ Geol  

Hart, Craig UBC Cu Site Leader  1C  Boldy Director MDRU 
Hattori, Keiko Ottawa Surficial Materials Leader C 1C/2P 4 P-RTI FRSC AE Nature Sci Rep 
Hollings, Peter Lakehead  Cu Site Co-Leader C 1C/2P P-CFI Gross AE CJES 
Jébrak, Michel UQAM Technology Transfer Leader C 1C/4P C-ENG Carbonneau, 

Chevalier, Jean-
Descarreaux 

AE Terra Nova 

Kyser, Kurt Queen's  U Site Co-Leader C 3C/6P  FRSC, Hawley, 
Hutchison, 
Killam, Miller, 
Peacock, Steacie 

 

Layton-Matthews, 
Daniel 

Queen's  Mineralogy Co-Leader  2C/4P 
(co-PI) 

P-RTI Gross  

Linnen, Robert Western Au Site Leader C 1C  Mercator, PREA, 
Robinson 

AE Min Dep, Can 
Min, Geosci Can 

Milkereit, Berndt Toronto Geophysics Co-Leader C  P-SRO   
Morris, William McMaster  Data Integration Leader   C-SPG   
Olivo, Gema Queen's  Au Site Co-Leader C 1C  PREA AE Brazil J Geol  
Piercey, Stephen Memorial  Lithogeochemisty Leader C 2C C-IRC Gross, Lindgren,  

Past Pres 
AE Econ Geol 

Rivard, Benoît Alberta Hyperspectral C 1C    
Ross, Martin Waterloo Surficial Materials Co-

Leader 
 C C-CFI   

Samson, Iain Windsor Hydrothermal Ore Deposits C 2C/3P  Berry  
Smith, Richard Laurentian  Geophysics Leader   C-IRC Barlow AE Geophysics 
Williams-Jones, McGill  Hydrothermal Ore Deposits C C/P P-SPG FRSC, Derry, 

Peacock, Logan, 
AE Econ Geol  
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Anthony Bancroft, Miller 
Academic Collaborators 
Bekker, Andrey Manitoba Lithogeochemistry C  C-ACC   
Cheng, Li-Zhen UQAT Geophysics    C-ENG Barlow  
Conly, Andrew Lakehead  Lithogeochemistry   P-CFI  

P-RTI 
 VP North America 

for SGA 
Corcoran, Patricia Western Sedimentology   P-UFA 

C-ENG 
P-RTI 

 AE Marine Pet 
Geol 

Enkin, Randy GSC-Victoria Physical Properties Co-Leader     
Guilmette, Carl Waterloo Metamorphic Petrology       
Harris, Lyal INRS Geophysics, Structure, 

Tectonics 
  P-CFI  Councillor CTG-

GAC 
Kontak, Daniel Laurentian  Au Deposits C  P-RTI Gesner, Hawley 

(2), Peacock, 
Robinson 

Co-Ed Atlantic 
Geol 

Lafrance, Bruno Laurentian  Structural Geology  2C    
Lentz, David UNB Porphyry Cu C 2P C-SPG  

P-RTI 
Gross, Barlow AE Econ Geol, 

Geosci Canada, J 
Geochem Expl 

Lin, Shoufa Waterloo Structural Geology C 3P C-ACC Gross, Hutchison  
Marshall, Dan Simon Fraser  Fluid Inclusions and Ore 

Deposits 
C   Hawley, 

Robinson 
 

Mungall, James Toronto Magmatic Ni-Cu-PGE C P  Hawley  
Oldenburg, Douglas UBC Inversion Modeling Co-

Leader 
 P  Wilson  

Richards, Jeremy Alberta Porphyry Cu C 2C/1P C-SPG Gross, 
Hutchison, 
Lindgren 

 

Schindler, Michael Laurentian Low-T Geochemistry C   YSA  
Schmitt, Douglas Alberta Borehole Geophysics C C C-ENG 

P-RTI 
P-STR 

 AE J Geophys Res 

Tiampo, Kristy Western Data Analysis C P P-IRC   
Status: C = current, P = past. NSERC Grants: ACC = Accelerator Supplement, CFI = Canada Foundation for Innovation, CRD = Collaborative 
Research and Development Grant, DG = Discovery Grant, ENG = Engage, IRC = Industrial Research Chair, RTI = Research Tools and 
Instruments, SPG = Strategic Project Grant, SRO = Special Research Opportunity, SNG = Strategic Network Grant. Awards: Bancroft = RSC 
Joseph Austin Bancroft Award, Barlow = CIM Alfred Ernest Barlow Memorial Medal, Berry = MAC Leonard G. Berry Medal, Boldy = CIM 
Julian Boldy Memorial Award, Chevalier = Chevalier de l'Ordre des Palmes Académiques (Ministère de l'Éducation Nationale de France), Derry = 
MDD-GAC Duncan Ramsay Derry Medal, FRSC = Fellow, Royal Society of Canada, Gesner = Atlantic Geological Society Gesner Medal, Gross 
= MDD-GAC William Harvey Gross Medal, Hawley = MAC J.E. Hawley Medal, Hutchison  = GAC W.W. Hutchison Medal, Jean-Descarreaux 
=Association de l'Exploration Minière du Québec Jean-Descarreaux Prize, Killam = Canada Council for the Arts Killam Fellowship, Lindgren = 
SEG Waldemar Lindgren Medal, Logan  = GAC William Edmund Logan Medal, Mercator = Deutsche Forschungsgemeinschaft (German 
Research Foundation) Visiting Mercator Professorship, Miller = RSC Miller Medal, Peacock = MAC Martin A. Peacock Medal, PREA = Premier 
of Ontario Award, Robinson = GAC Howard Street Robinson Medal, Silver = SEG Silver Medal, Steacie = NSERC E.W.R. Steacie Fellowship, 
Wilson = Canadian Union of Geophysicists John Tuzo Wilson Medal, YSA = MAC Young Scientist Award. Activities: SGA = Society for Geology 
of Ore Deposits, AE = Associate Editor 

6.1 Principal Investigators 
Dr. Michael Lesher (PI and Project Director) is Professor of Economic Geology and Research 
Chair in Mineral Exploration (originally established as an NSERC Senior Industrial Research 
Chair) at Laurentian University, where he has served as Founding Director of the Mineral 
Exploration Research Centre and, while recently serving as Director of Mining Initiatives, 
established the Laurentian University School of Mines. He has been PI or co-PI on 5 
multidisciplinary and collaborative NSERC-CRD grants (including lead-PI on the 5-year 
multidisciplinary collaborative Thompson Nickel Belt project), as MERC Director set up and 
oversaw the 5-year $8m Ontario Mineral Exploration Technologies program, led IGCP Project 
427 (which received maximum levels of funding from IGCP and IUGS), and has served on the 
NSERC Advisory Committee for University-Industry Grants. He is an internationally-recognized 
expert in igneous geochemistry and magmatic Ni-Cu-PGE deposits, is currently Associate Editor 
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of Mineralium Deposita, and was awarded the 2007 Derry Medal by MDD-GAC2 and co-awarded 
several other awards and prizes. 
Dr. Mark Hannington FRSC (Co-PI and Project Co-Director) is Professor and Goldcorp Chair 
in Economic Geology at University of Ottawa, is an internationally-recognized expert in 
hydrothermal ore deposits, has managed many large multidisciplinary collaborative GSC and 
NSERC-CRD projects, and has received numerous national-international awards, including the 
1993 Robinson Medal from GAC, the 1996 Gross and 2008 Derry Medals from MDD-GAC, and 
the 1996 Lindgren and 2008 Silver Medals from SEG. He was Editor-in-Chief of Economic 
Geology between 2001 and 2008.  

6.2 Co-Applicants 
Dr. Kevin Ansdell (U Leader) is Professor of Geochemistry at the University of Saskatchewan 
with a particular research focus on the origin and evolution of hydrothermal mineral deposits 
(uranium, gold, REE, base metals) and their host rocks in the Paleoproterozoic core of North 
America.  

Dr. Neil Banerjee (Data Integration Co-Leader) is Associate Professor of Geochemistry at the 
University of Western Ontario and has worked on several multidisciplinary collaborative Oceanic 
Drilling Program and NASA projects. His most recent research has been on multivariate statistical 
analysis of geophysical data.  

Dr. Georges Beaudoin (Mineralogy Leader) is Professor of Economic Geology, holds the 
NSERC-Agnico-Eagle Mines IRC at Université Laval, and is Director of the DIVEX research 
network. He is an internationally-recognized expert in metallogeny, hydrothermal ore deposits, 
and isotope geochemistry, and is currently Editor of Mineralium Deposita. 

Dr. Michel Chouteau (Petrophysics Leader) is Professeur Titulaire at École Polytechnique de 
Montréal and an expert in the development of analysis and interpretation methods in potential 
fields and EM techniques to exploration and groundwater problems. He has served on the NSERC 
Discovery grant/OIR committee between 1997-2000 (Solid Earth) and 2009-2010 (Geoscience), 
and was Editor-in-Chief for the Journal of Applied Geophysics between 2007 to 2011. 
Dr. Colin Farquharson (Inversion Leader) is Assistant Professor of Geophysics at Memorial 
University. He is an expert in the development of numerical modelling and inversion methods for 
geophysical data, predominantly electromagnetic, electrical and potential field data, and is the 
author of TEM1D, EM1DFM, and EM1DTM, and co-author of MT3Dinv, electromagnetic 
inversion programs that are widely used by the mineral exploration industry. He is currently an 
Associate Editor of Geophysics. 
Dr. Sarah Gleeson (Lithogeochemistry Co-Leader) is Associate Professor of Geochemistry at 
University of Alberta with expertise in hydrothermal and Ni-laterite ore deposits, aqueous fluid 
processes and water/rock interactions in crustal environments, geochemical tracers of fluid flow in 
the crust, and halogens in hydrothermal systems. She has been awarded the 2007 Lindgren Medal 
by SEG, the 2010 Gross Medal by MDD-GAC, the 2010 Young Scientist Award by MAC, and the 
2011 Robinson Medal by GAC. She is currently an Associate Editor of Economic Geology. 

                                                
2 Abbreviations: CGU – Canadian Geophysical Union, CIM – Canadian Institute of Mining and Metallurgy, GAC – 
Geological Association of Canada, IGCP – International Geological Correlation Program, IUGS – International 
Union of Geological Sciences, MAC – Mineralogical Association of Canada, MDD-GSC – Mineral Deposits 
Division of Geological Association of Canada, RSC – Royal Society of Canada, SEG – Society of Economic 
Geologists or Society of Exploration Geophysicists 
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Dr. Craig Hart (Cu Leader) is Director of the Mineral Deposits Research Unit at the University 
of British Columbia, where he leads >40 graduate students and research scientists undertaking >25 
industry-sponsored projects, including a $2.6M Yukon Gold NSERC-CRD. He was awarded the 
1995 Boldy Award by MDD-GAC and was the 2010 SEG Distinguished Lecturer. 
Dr. Keiko Hattori FRSC (Surficial Geochemistry Leader) is Professor of Geochemistry at 
University of Ottawa. She is an internationally-recognized expert in the geochemistry of 
hydrothermal ore deposits, focusing on the innovative use of redox-sensitive trace elements to 
identify metal transport mechanism that form ore deposits, and to determine geochemical 
signatures of metal dispersion from concealed mineral deposits. She is a Fellow of the Royal 
Society of Canada and currently on the Editorial Board of Nature Scientific Reports. 
Dr. Peter Hollings is Professor of Geochemistry at Lakehead University and an internationally-
recognized expert in geochemistry and isotope geochemistry applied to hydrothermal and 
magmatic ore deposits. He is an Associate Editor of Canadian Journal of Earth Sciences, and 
received the 2008 Gross Medal from MDD-GAC. 
Dr. Michel Jébrak (Technology Transfer Leader) is Professor in Mineral Resources and Chair in 
Mining Entrepreneurship at UQAT-UQAM, a recognized expert in exploration of hydrothermal 
systems and a specialist in the management of scientific organization, especially transfer between 
universities and the mineral industry, and co-author of 100 Innovations in the Mining Industry. He 
has been awarded the 2011 Prix Côme Carbonneau from Ordre des géologues du Québec, the 
2008 Chevalier de l'Ordre des Palmes Académiques from the Ministère de l'Éducation Nationale 
de France, and the 2005 Prix Jean-Descarreaux from the Association de l'Exploration Minière du 
Québec. He is presently an Associate Editor of Terra Nova. 
Dr. Kurt Kyser FRSC (U Co-Leader) is Research Professor of Geochemistry at Queen’s 
University and an internationally-acclaimed expert in geochemistry and isotope geochemistry 
applied to hydrothermal ore deposits. He has been awarded a 1993 NSERC Steacie Fellowship, 
the 1996 Hutchinson Medal from GAC, the 2001 Peacock Medal from MAC, a 2008-2009 Killam 
Fellowship, the 2005 Miller Medal from the RSC, and a 2007 Queen's Research Chair. He has 
served as President of the Mineralogical Association of Canada (2006-2008) and President of the 
EAOS Division of the Royal Society of Canada (2002-2004). 

Dr. Daniel Layton-Matthews (Mineralogy Co-Leader) is Associate Professor of Economic 
Geology at Queen’s University, an expert in both VMS-SEDEX and magmatic Ni-Cu-PGE 
systems, and was awarded the 2012 Gross Medal by MDD-GAC.  
Dr. Robert Linnen (Au Leader) is Professor, Hodder Chair in Economic Geology, and Director 
of Resource Geoscience Western at the University of Western Ontario. He is an internationally-
recognized expert in the geochemistry and mineralogy of hydrothermal ore deposits, and has been 
awarded a 2005 Visiting Mercator Professorship by Deutsche Forschungsgemeinschaft (German 
Research Foundation), a 2005 Premier's (Ontario) Research Excellence Award, and the 1999 
Howard Street Robinson Medal by GAC. He is currently an Associate Editor of Mineralium 
Deposita, Canadian Mineralogist, and Geoscience Canada. 

Dr. Bernd Milkereit (Geophysics Co-Leader) is Professor of Geophysics at the University of 
Toronto, and an expert in exploration geophysics, borehole geophysics, petrophysics, and 2D/3D 
seismic imaging, whose research has been supported by numerous mineral exploration and mining 
companies. 
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Dr. Bill Morris (Data Integration Leader) is Professor of Geophysics at McMaster University and 
an internationally-recognized expert in borehole navigation, airborne and ground magnetics and 
gravity surveys, and 3D geological and geophysical model building. 

Dr. Gema Olivo (Au Co-Leader) is Professor of Mineral Deposits and Mineral Exploration at 
Queen’s University, an internationally-recognized expert on hydrothermal gold deposits in various 
geological settings, and has served on the NSERC Strategic Grant Committee, on several NSERC-
CRD Site Visit committees, and on an NSERC-IRC Site Visit Committee. She was awarded a 
2005 Premier's (Ontario) Research Excellence Award. 
Dr. Stephen Piercey (Lithogeochemistry Leader) is Associate Professor of Geochemistry and 
NSERC-Altius Industrial Research Chair at Memorial University. He is an internationally-
recognized expert in hydrothermal ore deposits, lithogeochemisty, and lithotectonic settings with 
expertise in field geology and radiogenic isotopes, and was awarded the 2006 Gross Medal by 
MDD-GAC, the 2005 Lindgren Award by SEG, and the 2010 Past President's Medal by CIM. 

Dr. Benoît Rivard (Hyperspectral Leader) is Professor and Co-Director of Center for Earth 
Observation Sciences (CEOS) at the University of Alberta, and an expert in applied geological 
remote sensing, particularly hyperspectral sensing (field, airborne, and spaceborne), including 
automatic hyperspectral analysis of rock cores and wall rock toward mineral mapping and rock 
type classification.  
Dr. Martin Ross (Surficial Co-Leader) is Associate Professor of Quaternary Geology at the 
University of Waterloo, specializing in glacial geology, drift prospecting, and 3D geomodeling, 
and has previously worked closely with some of industry partners involved in this proposal. 

Dr. Iain Samson is Professor of Economic Geology at University of Windsor, immediate past-
President of the Mineralogical Association of Canada, and an internationally-recognized expert in 
the mineralogy and geochemistry of hydrothermal ore deposits. He was awarded the 2008 Berry 
Medal by MAC. 

Dr. Richard Smith (Geophysics Leader) is Professor of Geophysics and NSERC-CEMI IRC in 
Exploration Geophysics at Laurentian University, and is one of the top experts in the world in 
exploration geophysics, particularly electromagnetic methods, and in methods for processing and 
interpreting magnetic data. He has 19 years of previous exploration industry experience, having 
worked for an exploration company and geophysical contracting companies, was the 2009-2010 
CSEG Distinguished Lecturer, and was co-awarded the 2012 Barlow Medal by CIM. 

Dr. Anthony Williams-Jones FRSC (Au Co-Leader) is Professor of Economic Geology and 
Geochemistry at McGill University and is an international leader in the development of the vapour 
transport model for porphyry/epithermal deposits and has made significant contributions to the 
development of genetic models for REE deposits, including experimental, theoretical, and field-
based studies. He been awarded the 2000 Derry Medal by MDD-GAC, the 2011 Logan Medal by 
GAC, the 2005 Peacock Medal by MAC, and the 2008 Bancroft and 2011 Miller medals by the 
RSC. 

6.3 Academic Collaborators 
Dr. Andrey Bekker is Assistant Professor of Geochemistry at the University of Manitoba with 
internationally-recognized expertise in Precambrian stratigraphy/sedimentology, sedimentary 
geochemistry, and the application of stable isotope geochemistry to understanding of magmatic 
and sediment-hosted mineral deposits. He holds a prestigious Accelerator supplement on his 
NSERC Discovery Grant. 
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Dr. Li-Zhen Cheng is Professeure de Géophysique at Université du Québec en Abitibi-
Témiscamingue. She has held two NSERC Engage Grants, one MITACS grant, and a FQRNT 
`Nouveau Chercheur` grant, and is co-PI on a DEC-MDEIE Initiative Regional Strategic grant and 
a NSERC Strategic Project grant. She is an Associate Editor of Exploration and Mining Geology, 
has been awarded the 2012 Barlow Medal by CIM, and has been selected a model of Québec 
(www.toutesnosorigines.gouv.qc.ca). 
Dr. Andrew Conly is Associate Professor at Lakehead University with expertise in exploration 
and mineral deposit geology, experimental geochemistry, stable isotopes and environmental 
geochemistry, and is VP North America for SGA. 

Dr. Patricia Corcoran is Associate Professor of Sedimentology at University of Western Ontario, 
an expert in Precambrian sedimentology, and has previously held NSERC UFA and RTI grants. 
She is presently Associate Editor of Journal of Marine and Petroleum Geology and a Guest Editor 
for Precambrian Research. 

Dr. Randy Enkin (Co-Leader Petrophysical Properties) is Research Scientist with the Geological 
Survey of Canada and an expert in petrophysical properties. He will be supervising a GSC-funded 
PDF and working closely with the petrophysicists, petrologists, and geophysicists to better 
constrain how rock properties vary with alteration and proximity to mineralization. 

Dr. Carl Guilmette is (as of Sept 2012) Assistant Professor of Economic Geology at the 
University of Waterloo with expertise in metamorphic petrology, numerical finite element 
thermal-mechanical modeling, and regional tectonics. 
Dr. Lyal Harris is Professor of Structural Geology and Geophysics at INRS-ETE with expertise 
in field studies and application of geophysical data (mainly gravity and aeromagnetic) to 
interpreting structural controls on mineralization and regional tectonics. His research integrates 
laboratory physical modelling with physical, geophysical and numerical simulation. 
Dr. Daniel Kontak is Professor of Economic Geology at Laurentian University and an expert in 
the mineralogy and geochemistry of hydrothermal lode Au, porphyry Cu, and rare-metal 
pegmatites. He has been awarded the 1996 Robinson Medal by GAC, the 1990 and 2002 Hawley 
Medals and 2011 Peacock Medal by MAC, and the 2011 Gesner Medal by the Atlantic Geological 
Society. 

Dr. Bruno Lafrance is Professor of Structural Geology at Laurentian University, and an expert in 
the structural geology of lode Au and VMS deposits. He has been Guest Editor for the Journal of 
Structural Geology (2010) and Economic Geology (2008), and on the grant review committee for 
Fonds de Recherche sur la Nature et les Technologies du Québec (2009, 2012). 

Dr. David Lentz is Professor and Chair in Economic Geology at the University of New 
Brunswick, and an expert in the geochemistry of hydrothermal ore deposits. He was been awarded 
the 1999 Gross Medal by MDD-GAC, the 2008 and 2010 Barlow Medals by CIM, and is 
presently Associate Editor of Economic Geology, Geoscience Canada, and Journal of 
Geochemical Exploration. 
Dr. Shoufa Lin (Geology Co-Leader) is Professor of Structural Geology and Tectonics at the 
University of Waterloo, an expert in the structural geology of mineral deposits, and holds a 
prestigious Accelerator supplement on his NSERC Discovery Grant. He was awarded the 2004 
Hutchison Medal by GAC and the 2004 Gross Medal by MDD-GAC.  
Dr. Dan Marshall is Professor of Economic Geology and Geochemistry at Simon Fraser 
University with expertise in the application of P-T-t studies to ore deposits. He has been an 
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Associate Editor of Canadian Mineralogist, and has been awarded the 1993 Hawley Medal by 
MAC and the 2009 Robinson Medal by GAC. 
Dr. James Mungall (Geology Leader) is Associate Professor and Norman Kevil Chair in 
Economic Geology at the University of Toronto. He is an expert in theoretical, experimental, and 
analytical geochemistry and petrology, and also has experience managing regional and mine-scale 
exploration programs. He was awarded the 2004 Hawley Medal by MAC.  
Dr. Doug Oldenburg (Inversion Co-Leader) is Professor of Geophysics and Director of the UBC 
Geophysical Inversion Facility at the University of British Columbia, and an internationally-
acclaimed expert in inversion modeling, including 3D forward modelling and inversion of EM 
data, 3D inversion of gravity, magnetics, DC resistivity, IP, and magnetometric resistivity data, 
development of techniques to incorporate geologic information into geophysical inversions, and 
the application of current inversion tools in mineral exploration. He was awarded the 2012 Wilson 
Medal by the CGU. 

Dr. Jeremy Richards is Professor of Economic Geology at the University of Alberta, with 
expertise in regional tectonomagmatic controls on arc-related and post-subduction porphyry- and 
epithermal-type ore deposits, with focus on the western cordillera of the Americas, the Tethyan 
belt of eastern Europe and southern Asia, and the southwest Pacific region. He has been awarded 
the 1995 Lindgren Medal by SEG, the 2001 Gross Medal by MDD-GAC, and the 2007 Hutchison 
Medal by GAC, and was the 2002 SEG International Exchange Lecturer. 

Dr. Michael Schindler is Associate Professor of Geochemistry at Laurentian University, 
specializing in mineralogy and geochemistry with expertise in low-temperature surficial processes. 
He has been working on the mineralogy of uranium deposits using synchrotron radiation and 
surface analytical tools to identify features relevant to exploration. He was awarded the 2006 
Young Scientist Award by MAC.  
Dr. Douglas Schmitt is Professor and Canada Research Chair in Rock Physics at the University 
of Alberta, specializing in field, borehole, and laboratory rock physics. He has been a Member of 
the IODP Science and Technology Panel since 2010 and will become Chair in Sept 2013, was a 
member of the NSERC Discovery Grant Panel in Solid Earth Sciences in 2007-2009 and a 
member of the RTI Panel in 2012-2013, and has been an Associate Editor of the Journal of 
Geophysical Research since 1999. 
Dr. Kristy Tiampo is Professor and Faculty Scholar at the University of Western Ontario, with 
expertise in integrated data assimilation and analysis for the purpose of understanding fault 
systems dynamics using seismicity and geodetic and remote sensing techniques, the physics of 
earthquakes, GPS data analysis, InSAR data analysis, numerical and computation modeling, and 
nonlinear inversions and data assimilation. 

6.4 Industry Collaborators 
A particular strength of this project has been the active role that the industry representatives have 
played during the development of the project (attending planning workshops, defining first-order 
exploration problems, and selecting the best sites to solve the problem) and plan to contribute to 
the science of the project as it progresses. Even those who are senior executives are technical 
leaders in their fields with knowledge in area outside the experience of the researchers, and will 
bring that technical expertise to the project: 
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Table 6. List of principal industry collaborators, affiliations, and areas of expertise 

 
Name 

 
Affiliation 

 
Expertise/Role 

Industry Collaborators 
Bérubé , Pierre Abitibi Geophysics Exploration Geophysics 
Brisbin, Dan Cameco Resources  Uranium Exploration 
Brommecker, Rex Anglo-Ashanti Gold Exploration 
Caron, Louis Osisko Gold Exploration 
Davies, Andrew Teck Resources  Gold-Copper Exploration 
Davis, Graeme Kinross Gold Exploration 
de Sousa, Hugh SGS Analytical Geochemistry 
Forand, Lawson Denison Mines Gold Exploration 
Franklin, Jim Franklin Geosciences Gold-Uranium-Copper Exploration 
Galley, Al CMIC CMIC Coordination 
Gilmore, Kelly HudBay  Gold-Copper Exploration 
Hoffman, Eric ActLabs Analytical Geochemistry 
Leybourne, Matthew ALS Analytical Geochemistry 
Maag, Eric DGI Geoscience  Data Integration 
McGaughey, John Mira Geoscience  Data Integration Co-Leader 
Nader, George Fugro  Exploration Geophysics 
Racic, Louis GeoSoft Geological-Geophysical Software 
Robert, Francois Barrick Gold Gold Exploration 
Rogers, Jamie Iamgold  Gold Exploration 
Sherlock, Ross Goldfields Gold Exploration 
Siddorn, James SRK Consulting  Structural Geology 
Speck, Matthew Pittney-Bowes Geological-Geophysical Software 
Ugalde, Hernan PGW Geophysics and Data Integration 
Vos, Ivo SRK Consulting  Structural Geology 
Wares, Robert Osisko Gold Exploration 
Wasylechko, Roman Abitibi Geophysics Exploration Geophysics 
Willoughby, Neil Gedex  Airborne Gradiometry 

 
Pierre Bérubé is President of Abitibi Geophysics and has 30 years experience championing 
innovation, having co-founded the International Laboratory for Mining Geophysics, sponsored 
several developments to improve the effectiveness of TDEM and IP, and led the development of 
the InfiniTEM loop configuration, ARMIT B-field TDEM sensor, IPower 3D IP, and Hole-to-
Hole 3D IP configurations. He will be contributing to the design, implementation, and integration 
of the geophysical work in the project. Also involved from Abitibi Geophysics will be Roman 
Wasylechko (Director - Strategic Business Development), who has over 25 years experience 
using geophysical methods to explore for minerals, and is currently responsible for 
commercializing ARMIT, the new B-field EM sensor for ground and borehole applications 
developed by RMIT University exclusively for Abitibi Geophysics, and the recently launched 
borehole gravity services using the Scintrex GRAVILOG system. 

Dr. Daniel Brisbin PGeo is Manger Geoscience in Cameco Corporation’s exploration department 
and has 30 years experience in mine, exploration, and research geology of uranium, gold, base 
metal, and PGE deposits. He leads a team of experienced geoscientists tasked with generating 
exploration targeting ideas and ensuring that geoscience is applied to exploration decision making 
and program design, and has been and will continue to be actively engaged with the university 
researchers on the project. Others involved from Cameco include Gerard Zaluski (Manager – 
Geoscience), Garnet Wood  (Manager – Geophysics), Tom Kotzer (Chief Geochemist), Dan 
Jiricka (Chief Geologist), Haiming Yang (Senior Geoscientist), Alex Aubin (Senior 
Geoscientist), Lawrence Bzdel (Senior Geophysicist), Chris Hamel (District Geologist), Jenna 
Vanstone (Geologist), Vlad Sopuck (Director - Special Projects), and David Thomas (Director - 
Geoscience Group). At least two are expected to attend most meetings. 
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Rex Brommecker PGeo is Chief Geoscientist for Greenfields Exploration at AngloGold Ashanti. 
He was educated in Canada (Waterloo and Queen’s), has more than 20 years experience in global 
gold exploration (Africa, Australia, Eurasia, Pacific, and South America), and will bring that 
expertise to the project.  
Dr. Andrew Davies is General Manager - Exploration for North America at Teck, and has over 
25 years experience in the mineral exploration industry, working in BC, Yukon, NWT, and 
internationally. He is an expert in epithermal gold deposits and porphyry copper deposits, has been 
very active in planning the Footprint project, and as a representative of the host of the Highland 
Valley site will be actively engaged in the project. Also involved from Teck will be Dr. Claire 
Chamberlain (Regional Chief Geoscientist - South America) who has expertise in Archean gold 
deposits, porphyry Cu deposits, and field mapping. 

Graeme Davis is VP - Geoscience at Kinross Gold with a wide range of international experience 
in gold exploration, particularly in North America and northern Ontario. He will be contributing 
technical expertise to the Malartic Au and Highland Valley Cu-Mo-Au studies. Others involved 
from Kinross will include Dr. Richard Jemielita (Technical Director - North America), Dr. 
Natalie Warman (Technical Assistant – Exploration), John Kita (Exploration Manager - Eastern 
Canada), and Pat Lengyel (Exploration Director – Canada). Not all will attend all meetings or 
workshops, but at least one is expected to attend most meetings/workshops and the others will 
assist with project design and implementation.  

Dr. Hugh de Souza PGeo is Director of Geological Services and Business Development for SGS, 
with expertise in analytical geochemistry and mineralogical analysis, including automated 
mineralogy and indicator mineral studies applied to exploration. He will be actively involved in 
the geochemical aspects of the project. 

Lawson Forand PGeo is Exploration Manager for Denison Mines. He has more than 30 years 
experience in the mining and exploration industry, with particular expertise in uranium exploration 
in the Athabasca Basin of Saskatchewan where he participated in the discovery and/or 
development of the Key Lake, Dawn Lake, McArthur River and Phoenix Lake uranium deposits, 
and will be the lead collaborator on the project. Others involved from Denison Mines will be 
Chad Sorba PGeo (Project Geologist) and Steve Blower (Vice President – Exploration). Sorba 
has 3 years experience with uranium exploration in the Athabasca basin and Blower has 24 years 
of experience in the mine geology of porphyry Cu deposits in British Columbia, and exploration 
for precious metals, base metals, and uranium. Not all will attend all meetings and workshops, but 
at least one is expected to attend most meetings.  

Dr. James Franklin PGeo is President of Franklin Geosciences and former Chief Geoscientist at 
the Geological Survey of Canada. He is an internationally-recognized expert in mineral deposits, 
particularly modern and ancient seafloor volcanogenic massive Cu-Zn-Au deposits. He has been 
extremely active during the development stages of the project and will bring a wealth of 
administrative, research, and exploration experience to the project. 
Dr. Alan Galley PGeo is Exploration Research Director for CMIC and past Minerals Director 
for the Geological Survey of Canada. He will play an integral role in maintaining the unique 
industry-university partnership that defines the Footprints Project and will oversee sponsorship 
interests during project implementation.  
Kelly Gilmore PGeo is Chief Exploration Geologist for Hudbay Minerals, where he has worked 
as an exploration geologist for over 30 years and participated in the discovery of at least 6 mines. 
He has been responsible for Hudbay's participation in collaborative research projects for nearly 20 
years, and has a wealth of experience to bring to this project.  
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Dr. Eric Hoffman PGeo is President and Principal at Activation Laboratories (ActLabs), which 
as 30 laboratories in 12 countries. He has been responsible for the development of a wide range of 
geochemical methods and applications for research and exploration geochemistry, including 
INAA (biogeochemistry, heavy-mineral concentrate, fire assay beads), ICP-MS and high 
resolution ICP-MS (multielements for soils, sediments, rocks, ores, concentrates), laser ablation 
high-resolution ICP-MS, speciation high-resolution ICP-MS, ultratrace Au hydrogeochemical 
method by ICP-MS, selective extractions (enzyme leach, bioleach, terraleach) by ICP-MS, 
lithogeochemical methods by robotic fusion ICP-AES and ICP-MS, and soil gas hydrocarbons by 
gas-chromatography ICP-MS. He will be working closely with the researchers on the geochemical 
aspects of the project. 
Dr. Matthew Leyborne is Senior Geochemist at ALS Laboratories in Vancouver is an 
internationally-recognized expert in the applications of aqueous geochemistry in mineral 
exploration, applying elemental and isotopic geochemistry to 1) volcanic arc systems including 
mantle and hydrothermal fluids and metal resources, 2) aqueous geochemistry in mineral 
exploration, 3) supergene weathering processes, and 4) method analytical development. He will be 
working closely with the researchers on the geochemical aspects of the project. 
Eric Maag is Director of Market Development at DGI Geoscience and will be responsible for 
coordinating the considerable amount of in-kind work that DGI will be contributing to data 
integration and modeling. Vince Gerrie (President and Director of Research and Development), 
an expert in this type of work, will also be closely involved in the project. 
Dr. John McGaughey (Co-Leader Data Integration) is President of Mira Geoscience and an 
expert in 3D modeling, multi-disciplinary geoscience data integration, and exploration geophysics. 
He will be responsible for supervising an embedded PDF/RA and coordinating the large amount 
of in-kind work that Mira will be contributing to data integration and modeling. 
George Nader is Director - Global Technology Development at Fugro Airborne Surveys and has 
over 30 years international experience in exploration geophysics, specializing in advancing 
airborne geophysical technology to the resource industry highlighted by collaborative 
developments of the GEOTEM and MEGATEM airborne EM methods. He has played a key role 
in guiding the planning of the geophysical work to be done in the project and will be contributing 
technical expertise on the the Malartic Au, McArthur River-Millennium, and Highland Valley Cu-
Mo-Au projects. Also involved will be Jean Lemieux (Chief Geophysicist and Head – 
Interpretation & Consulting Services Group), who has over 35 years of experience in Airborne 
Geophysical exploration, having been involved in field acquisition, data processing, and 
interpretation of the data. He is well experienced with magnetics, gravity gradiometry, gamma ray 
spectrometry with a particular focus on time-domain electromagnetics, and will be bringing that 
expertise to the project. 
Louis Racic is Director of Product Management for GeoSoft and will be representing GeoSoft 
and providing training in their products. 
Dr. François Robert PGeoEng is VP and Chief Geologist - Global Exploration for Barrick Gold 
Corporation, responsible for all technical/quality aspects of exploration, external research 
portfolio, and strategic aspects of global exploration. He is an internationally-recognized expert in 
gold metallogeny, was the senior author of the chapter in the 100th Anniversary Volume of 
Economic Geology on Gold Metallogeny of the Superior and Yilgarn Cratons, and as Chair of the 
CMIC Exploration Initiative Consortium has led the industry side of exploration project 
development. He will be contributing technical expertise on both the Malartic Au and Highland 
Valley Cu-Mo-Au projects. Other Barrick staff who will be involved include Jared Twonsend 
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(Geophysicist based in Elko), Jeremy Vaughan (Geochemist based in Elko), and Marc Bardoux 
(Principal Structural Specialist based in Montreal. 
Dr. Jamie Rogers is Chief Geologist at IAMGOLD, with a wide range of experience in gold 
deposits and sediment-hosted base metal deposits. He will be contributing technical expertise on 
both the Malartic Au and Highland Valley Cu-Mo-Au projects. Other IAMGOLD collaborators 
will include Nicole Houle (Senior Geologist) and Mark Goldie (Chief Geophysicist). 
Dr. Ross Sherlock PGeo is Exploration Manager North America for Gold Fields. He has worked 
in academia, consulting, government surveys, and mineral exploration nationally and 
internationally for almost 30 years and will bring a wealth of experience in precious and base 
metal mineralization to the project. He will be contributing technical expertise on both the 
Malartic Au and Highland Valley Cu-Mo-Au projects. Others involved from Gold Fields will 
include Dr. Andy Wurst (Chief Geologist based in Vancouver with expertise in porphyry-
epithermal systems), Dr. Amelia Rainbow (Senior Exploration Geologist based in Vancouver, 
with expertise in the geochemistry of porphyry-epithermal systems), Dr. Jacqueline Blackwell 
(Senior Geologist based in Vancouver with expertise in volcanology, hydrothermal breccias, and 
alkalic epithermal-porphyry deposits), Jeff Cormier (Senior Geologist based in Sudbury with 
expertise in project evaluation and set-up), Twila Skinner (Project Manager/Senior Geologist for 
the Woodjam Cu-Au-Mo Project with expertise in greenfields exploration), and Tim Stubley 
(Exploration Geologist based in Vancouver, with experience in porphyry Cu ± Au ± Mo deposits). 
At least two are expected to attend most meetings and more will attend Cu project meetings and 
those associated with Exploration Roundup. 

Matthew Speck is Manager - Natural Resources North America for Pitney Bowes Software and 
will be representing them and providing training in their products. 

Dr. Hernan Ugalde is Senior Consulting Geophysicist with Paterson Grant & Watson, with 
expertise in QAQC, 3D inversion, modeling, and integration of airborne and ground magnetic, 
gravity, IP, and radiometric geophysical data. He will be playing a key role in helping to supervise 
the data integration work in the project. Other PGW collaborators will include Stephen Redford 
PEng (VP and Senior Consulting Geophysicist, with over 25 years experience in airborne and 
ground geophysical surveys and processing) and Winnie Pun (Geophysicist and a proficient 
programmer). 
Dr. Ivo Vos PGeo is Senior Consultant - Structural Geology with SRK Consulting Canada, and 
an expert in deciphering structural controls on the distribution of mineralization for a variety of 
commodities, including gold, Ni-Cu-PGE, and uranium. He will also be providing in-kind support, 
where needed, to each footprint study, including advice and/or training on the structural 
controls/influences in gold, uranium, and porphyry environments. Other SRK collaborators will 
include Dr. James Siddorn PGeo (Practice Leader - Structural Geology, with expertise in 
regional and deposit-scale structural analysis, with a particular focus on the controls on ore plunge 
in brownfields settings) and Wayne Barnett (Practice Leader - Structural Geology in the 
Vancouver office) will be the main liaison in the porphyry project.  

Robert Wares PGeo is Executive Vice-President - Exploration and Resource Development and 
co-founder of Osisko Mining Corporation. He has over 30 years experience in the mineral 
exploration industry, including all aspects of management, financing, planning and execution, and 
was responsible for the discovery and development of the Canadian Malartic bulk tonnage gold 
deposit. He will be the primary industry collaborator on project planning. Also involved will be 
Louis Caron PGeo (Director of Exploration – Abitibi), who has over 35 years experience in the 
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mineral exploration industry, with particular expertise in gold and base metal exploration. Mr. 
Caron will be the primary field liaison on the Canadian Malartic project. 
Neil Willoughby PGeo is Chief Geologist for Gedex Technologies and will be helping to guide 
the project in developing applications for newly developed airborne gravity gradiometry methods. 
He has been an exploration geologist for 36 years with expertise in the geology and geophysical 
expression of orogenic gold (Superior Province, Northern Cordillera and China), porphyry copper-
gold (Mongolia), epigenetic copper (Nunavut and South Africa) magmatic sulfide Ni-Cu 
(Sudbury) and uranium (Canada and Central Asia). 

7 Training of Highly Qualified Personnel 
This project will train a large group of highly-qualified geoscientists at the cutting edge of 
exploration technology in multidisciplinary geological, mineralogical, geochemical, and 
geophysical research methods. It will support the research and training of at least 11 BSc students, 
14 MSc students, 6 PhD students, 6 post-doctoral fellows (PDF) or Research Associates who will 
be co-supervised by at least 19 researchers at 19 Canadian universities (Table 7).  

The four lead PDF/RA positions will be responsible for compiling all available geological, geo-
chemical, geophysical, and petrophysical data, providing extraordinarily high-level training in 
multidisciplinary geoscience. Three of the positions will be embedded with Cameco, Teck, and 
Mira/DGI, providing unparalleled access to the expert geoscientists in those locations. MSc 
students will work on specific aspects of the geology, mineralogy, lithogeochemistry, and surficial 
materials and will conduct most of their research on just one site, whereas most PhD students and 
PDFs will work on more than one site. The graduate students will have local supervisors and well-
defined projects to ensure that there are no conflicts in the progress of their degrees, but they will 
otherwise participate as regular members of the research teams. This will facilitate and encourage 
interaction and provide a unique training environment involving a wide range of world-class 
research supervision and state-of-the-art research methods. The graduate students will be trained 
in core logging/sampling, petrophysics, mineral/whole-rock geochemistry and petrology, 
geophysics, data integration techniques, and computer modeling, and they will gain experience in 
writing reports and making presentations to a wide range of multidisciplinary researchers and 
sponsors, preparing them for careers in industry, government surveys, or universities. Industry 
geologists will interact closely with the students and researchers at each site; they will be directly 
involved in (and in some cases responsible for) on-site training of the students and will also be 
trained themselves in many of the techniques developed during the project. Two service providers 
(DGI Geoscience, Mira Geoscience) will be providing critical training of HQP in data integration. 

In three cases the project is providing partial support of on-going projects that will include project-
related work being done on an evaluation basis as part of project funded from other sources 
needing only supplemental support (PDF Core Hyperspectral and PhD Outcrop Hyperspectral) or 
project-related work funded from other sources needing only supplemental support (PhD on Late 
Temiskaming Intrusions). Their work will add significant value to the project and provide 
opportunities for them to participate in and benefit from work being done by others in the team. 
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Table 7. List of HQP to be trained during the project 

FTE Level Site Topic Locations Supervisors 
1.00 PDF/RA Au Data Integration Western/Queen's/Laval Linnen/Olivo/Beaudoin 
1.00 PhD Au Alteration/Mineralogy McGill/Western/ 

Windsor 
Williams-Jones/Linnen/ 
Samson 

0.15 PhD Au Intrusions (on-going project) INRS/UQAM Harris/Jébrak 
1.00 MSc Au Surficial 

Mineralogy/Geochemistry 
Ottawa/Waterloo Hattori/Ross 

1.00 MSc Au Lithoindicator Mineralogy 
(Bt-Py) 

Laval/Laurentian/ 
Waterloo 

Beaudoin/Kontak/ 
Guilmette 

1.00 MSc Au Lithogeochemistry Memorial/Lakehead Piercey/Hollings 
1.00 MSc Au Physical Properties Poly/Queen's Chouteau/Olivo 
1.00 MSc Au Inversions Memorial/UQAT Farquharson/Piercey/Cheng 
4.00 BSc Au To Be Decided To Be Decided To Be Decided 
1.00 PDF/RA U Data Integration (embedded) Saskatchewan/Queen's Ansdell/Kyser/Brisbin 
1.00 PhD U Structure/Alteration/ 

Mineralization 
Waterloo/Saskatchewan Lin/Ansdell 

1.00 PhD U Overburden Stripping Memorial/Waterloo Farquharson/Ross 
1.00 MSc U Surficial Geochemistry Ottawa/Queen’s/ 

Waterloo 
Hattori/Kyser/ 
Ross 

1.00 MSc U Lithoindicator Mineralogy Queen's/Laurentian Layton-Matthews/Kyser/ 
Schindler 

1.00 MSc U Seismic Toronto/Laurentian Milkereit/Smith 
1.00 MSc U Physical Properties Poly/Saskatchewan Chouteau/Ansdell 
1.00 MSc U Inversions Memorial/Queen’s/ 

McMaster 
Farquharson/Layton-
Matthews/Morris 

4.00 BSc U To Be Decided To Be Decided To Be Decided 
1.00 PDF/RA Cu Data Integration (embedded) UBC/Lakehead Hart/Hollings 
1.00 PhD Cu Alteration Geochemistry Alberta/UBC/Lakehead Gleeson/Hart/Hollings 
1.00 PhD Cu Surficial Geochemistry Ottawa/Waterloo Hattori/Leyborne/Ross 
1.00 MSc Cu Lithoindicator Mineralogy Lakehead/Laval Hollings/Beaudoin 
1.00 MSc Cu Lithogeochemistry Memorial/UBC/ 

Lakehead 
Piercey/Hart/ 
Hollings 

1.00 MSc Cu Physical Properties Poly/GSC-Victoria Chouteau/Enkin 
1.00 MSc Cu Inversions Memorial/Alberta Farguharson/Richards 
4.00 BSc Cu To Be Decided To Be Decided To Be Decided 
1.00 PDF Au-U-Cu Geophysical Processing Laurentian/McMaster Smith/Morris 
0.40 PDF Au-U-Cu Petrophysical Properties GSC-Victoria/Poly Enkin/Chouteau 
0.60 PDF Au-U-Cu Petrophysical Properties Poly/GSC-Victoria Chouteau/Enkin 
1.00 PDF/RA Au-U-Cu Data Integration (embedded) McMaster/Western/ 

Mira 
Morris/Bannerjee/ 
McGauhey 

0.20 PDF Au-U-Cu Core Hyperspectral  
(proof of concept) 

Alberta Rivard/Gleeson 

0.25 PhD Au-U-Cu Outcrop Hyperspectral  
(proof of concept) 

Alberta Rivard/Gleeson 

FTE = full-time equivalent position 
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8 Benefits to Canada and Canadian Industry 
Mineral exploration and mining are among the most technologically-advanced industries in 
Canada. However, OECD Statistics show that Canada is facing increasing competition from other 
countries who consistently put more resources into mineral exploration and mining research. This 
project will be a major step toward retaining our leadership role in this sector, bringing together 
one of the largest multidisciplinary research teams to work on a joint university-industry-
government initiative in exploration geoscience. 

The results of the project will be used by companies actively engaged in mineral exploration in 
Canada. Targeted impacts will include increased efficiency in exploration for a number of key 
commodities and increased exploration success in vulnerable mining communities where ore 
reserves must be renewed. The proposed research will develop a new generation of integrated ore-
system footprints that can be used to interpret a wide range of exploration datasets for the 
discovery of concealed economic mineralization below drilled intersections or beyond the limits of 
detection by conventional geophysics. Although there has been continuous improvement in 
geophysical techniques, which have produced large numbers of targets for drilling, discoveries 
have been limited owing to an inability to efficiently discriminate the most prospective anomalies. 
Few methods have been developed to prioritize those targets, and few are tested rigorously for 
possible economic mineralization off-hole or below the depth of drilling when ore-grade 
intersections are not encountered. Methods will be developed in this project to extract the 
signatures of productive ore-forming systems from diverse exploration datasets, including from 
data that companies have already collected. The proposed research will also contribute directly to 
improved understanding of the processes responsible for the formation of some of Canada's most 
important mineral deposit types. 
Canadian companies have the capacity and the opportunity to rapidly exploit this technology and 
have already expressed a keen interest to do so through the support of the project. From an 
industry perspective the major benefits are in developing new ways to look at deposit footprints by 
integrating many different exploration parameters. This has never been done for most ore systems 
and represents the most innovative part of the project. It will not only enlarge the detectable 
footprint of the ore systems being studied but also the strength of the “signal”, thereby increasing 
the chances of detecting hidden deposits (covered or at depth) and vectoring within their footprints 
when they are found. The research will provide a better understanding of what parameters are 
really critical, how to use them, and at what scale they should be measured. This is also the type of 
innovation that service providers will adopt and could determine where their future partnered 
R&D will focus.  
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