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SUMMARY

As geoscientists, we must prioritize improving our ability to
communicate science to the public. Effective geoscience com-
munication enables communities to understand how geologi-
cal processes have shaped our planet and make informed deci-
sions about Earth’s future. However, geoscience research out-
puts have traditionally been published in peer-reviewed jour-
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nals and presented at academic conferences. Consequently,
essential information about local geology is rarely available in
accessible, open access, and engaging formats. Here, we pro-
pose virtual field trips, or ‘GeoTrails’, as a possible solution to
address the disconnect between geoscience research and pub-
lic knowledge by improving our communication to the public.
This initiative is largely driven by undergraduate students, who
identify points of geological interest along selected hiking
trails, write concise descriptions derived from scientific soutces
(e.g. longer peer-reviewed articles and government reports),
and collect field data (e.g. 3-D LiIDAR models, drone photog-
raphy) to illustrate the characteristics of these geological fea-
tures. The goal of the project is to communicate the impor-
tance of local geology on our environment and to raise aware-
ness of how changing climates could affect us in the future;
this information can empower communities to make better,
more informed planning decisions. The creation of GeoTrails
along the Niagara Escarpment offers a promising strategy to
highlight the role of geoscientists and to engage the public in
ongoing research that aims to showcase Canada’s geoheritage.

RESUME

En tant que géoscientifiques, nous devons donner la priorité a
Pamélioration de notre capacité a communiquer la science au
public. Une communication efficace des géosciences permet
aux communautés de comprendre comment les processus
géologiques ont fagonné notre plancte et de prendre des déci-
sions éclairées sur 'avenir de la Terre. Cependant, les résultats
de la recherche en géosciences ont traditionnellement été pub-
liés dans des revues a comité de lecture et présentés lors de
conférences académiques. Par conséquent, les informations
essentielles sur la géologie locale sont rarement disponibles
sous des formats accessibles, en libre acces et attrayants. Dans
cette optique, nous proposons des excursions virtuelles, ou «
GeoTrails », comme solution possible pour combler le fossé
entre la recherche en géosciences et la connaissance du public
en améliorant notre communication avec celui-ci. Cette initia-
tive est en grande partic menée par des étudiants de premier
cycle, qui identifient des points d’intérét géologiques le long de
sentiers de randonnée sélectionnés, rédigent des descriptions
concises basées sur des sources scientifiques (par exemple, des
articles a comité de lecture plus longs et des rapports gou-
vernementaux) et collectent des données sur le terrain (par
exemple, des modeles LIDAR 3-D, des photographies par
drone) pour illustrer les caractéristiques de ces caractéristiques
géologiques. I’objectif du projet est de communiquer 'impor-
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tance de la géologie locale sur notre environnement et de sen-
sibiliser aux facons dont les changements climatiques pour-
raient nous affecter a I'avenir; cette information peut permet-
tre aux communautés de prendre des décisions de planification
meilleures et plus éclairées. La création de GeoTrails le long de
I’escarpement du Niagara offre une stratégie prometteuse pour
mettre en valeur le réle des géoscientifiques et pour engager le
public dans notre recherche en cours qui vise a présenter le
patrimoine géologique du Canada.

Traduit par la Traductrice

INTRODUCTION

The role of scientists has traditionally been to advance the
state of knowledge by asking questions, seeking answers and
publishing findings in peer-reviewed journals (Baron 2010;
Stewart and Nield 2013). Geoscience societies, associations
and surveys have created useful outreach materials (e.g.
Geoscapes posters, Four Billion Years and Counting book) and
workshops for teachers (e.g. National EdGEO Program) to
promote accurate geoscience information to the public. How-
ever, press releases, news articles and online blogs are often the
most publicly accessible sources of information to communi-
cate research findings relevant to local communities (Bond and
Paterson 2005; Colson 2011), and these may be sensational-
ized, politicized, or influenced by search engine algorithms
(Brossard and Scheufele 2013). Over the last decade, undet-
graduate educators have started to emphasize the importance
of teaching scientific communication to a variety of audiences
(Brownell et al. 2013; Symons et al. 2017). At the same time,
there has been an increased interest in outdoor activities duting
and after the COVID-19 pandemic. For example, Morse et al.
(2020) studied the responses of over 3000 adults and found
that participation in hiking, watching wildlife, and other out-
door hobbies in Vermont increased during the pandemic. This
increased interest in outdoor activities presents a timely oppot-
tunity for new outdoor education initiatives.

Given the backdrop of intersecting global crises, many of
which involve geoscientific issues (e.g. climate change,
resource exploitation), geoscientists need to realize the benefit
of effectively communicating scientific findings with the pub-
lic to provide an opportunity for the sharing and exchange of
knowledge (Stewart and Lewis 2017; Illingworth et al. 2018).
By empowering our communities with geoscientific knowl-
edge, we can also raise awareness about local environmental
issues and the influence of changing climates on urban infra-
structure and sustainability. Here, we seck to aid in addressing
the disconnect between geoscientists and the public by intro-
ducing a new platform for geoscience communication. We
outline the creation of a set of accessible and educational vir-
tual trails called ‘GeoTrails’, which are integrated with digital
field tools (3-D models, 360° images, drone imagery) to pro-
vide an immersive and informative virtual field experience.
GeoTrails are constructed in collaboration with the APGO
Education Foundation using ArcGIS™ StoryMaps™ by Envi-
ronmental Systems Research Institute Incorporated (ESRI).
This platform can be accessed through a variety of devices
(e.g. cell phones, tablets and laptops) when walking the trail, or

http://www.geosciencecanada.ca
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explored virtually from anywhere in the world, and has great
potential to be used as an educational tool in the classroom.

Geoscientists will play an important role in building a sus-
tainable future for Canada; however, decreasing enrollment
trends demonstrate a lack of interest by students to pursue
geoscience careers (Center for Geoscience and Society 2018;
Mosher and Keane 2021). Today, many students are driven by
altruism (Carter et al. 2021) and want to learn how to address
problems in the real world (Disbrow-Monz et al. 2023). Geo-
Trails could provide a recruitment strategy by highlighting geo-
science research and its importance in the community. Hence,
to enhance the communication of important geoscientific
information to members of the diverse, predominantly urban
communities in southern Ontario, we targeted sites along the
Bruce Trail and Niagara Escarpment to create informative
GeoTrails on an openly accessible, user-friendly platform.

The Niagara Escarpment is a steep cliff, stretching from
southern Ontario to northern Michigan, that formed primarily
by differential erosion processes during the late Cenozoic and
now exposes a variety of Paleozoic sedimentary rocks (Fig. 1,
Brunton 2009; Brett et al. 2018; Brunton and Brintnell 2020).
The escarpment geology influences multiple aspects of the
local environment including soil quality (Kingston and Presant
1989; Haynes 2000) and the movement of groundwater and
contaminants (Brunton and Brintnell 2020). Much of the
Niagara Hscarpment is located in southern Ontario, which has
a population of over 7.5 million (Statistics Canada 2023) and
is frequently visited by international tourists who come to see
famous sites along the escarpment such as the Niagara Falls.
Most public hiking trails that follow the Niagara Escarpment
in southern Ontario are part of the Bruce Trail, Canada’s
longest and oldest marked footpath which is managed by the
Bruce Trail Conservancy. The Bruce Trail Conservancy (BTC)
has over 10,000 enthusiastic members who lead hikes, maintain
trails, and can provide a wealth of knowledge about the trails.
However, despite this obvious interest in the natural environ-
ment along the trails very little accessible geological informa-
tion is available to BTC members or the public. Restrictions
resulting from the COVID-19 pandemic have also taught us
the value of experiences that can be obtained or augmented
virtually to increase accessibility (Evelpidou et al. 2021; Whit-
meyer and Dordevic 2021; Aaisyah et al. 2021; Peace et al.
2021; Gregory et al. 2022).

Motivations

Several motivations are involved in the development of the
GeoTrails including: 1) the integration of scientific informa-
tion from a variety of expert sources not usually accessible to
the public, 2) geoscientific outreach to local communities, 3)
recruitment of geoscience students, and 4) building leadership
skills in students at all stages of their careers. Our GeoTrails
incorporate a variety of geoscience perspectives from geolo-
gists, paleontologists, hydrogeologists, geomorphologists, and
engineers, showcasing the benefit of using integrated
approaches to better understand our environment. This multi-
faceted approach also allows the GeoTrails to engage an audi-
ence with diverse backgrounds and interests. Overall, the main
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Figure 1. Niagara Escarpment general stratigraphy in Niagara Region, Ontario, Canada (adapted from Steele and Haynes 2000; Brunton and Brintnell 2020). Inset Map shows
the Niagara Escarpment in southern Ontario and an overview of the Paleozoic geology (Armstrong and Dodge 2007).

goal of the GeoTrails is to provide geoscience information to
the public in an exciting and inclusive format. GeoTrails also
inform members of the local community about the types of
geoscientific investigations and research projects being con-
ducted in the area and why these are important. This informa-
tion can empower community members and allow more
informed decisions to be made about critical environmental
issues. As natural disasters related to climate change increase in
Canada (Weber 2023), members of the geoscience community
are obliged to become leaders in ensuring that accurate infor-
mation about Earth processes is available to educators and the
public.

GeoTrails can also serve as a recruitment tool to attract stu-
dents into geoscientific professions. The earth science curricu-
lum is not mandatory in local high schools and these GeoTrails
allow students to not only learn about the fascinating story of
the formation of our planet but also about relevant career
opportunities. The creation of the GeoTrails is student-driven,
with undergraduate students conducting much of the field
data collection independently while mentored by graduate stu-
dents, postdoctoral fellows, and faculty. Students take on lead-

ership roles by identifying points of geological interest along
cach trail and managing field data (e.g. GPS points, photos,
videos, notes). These experiences provide students with valu-
able field training, practice in communicating geoscience to
different audiences, and an opportunity to explore their own
research interests.

Study Site

The Niagara Escarpment is bordered by Lake Ontario and
Lake Erie and the Niagara River marks the international bor-
der between Canada and United States (Tovell 1992; Steele and
Haynes 2000; Brett et al. 2018; Fig. 1). In the Niagara Region,
urban and industrial expansion has, to some extent, been con-
trolled by its geographic setting (Haynes 1995). The Great
Lakes moderate the local climate (Scott and Huff 1996), mak-
ing the region an appropriate place to grow various fruits (e.g.
peaches, grapes) and even allow the growth of Carolinian
forests which are typically restricted to the southern United
States. Land use planning along the Niagara Escarpment is
complex because it must respect Indigenous traditional territo-
ry (Hayward 2021; Ryan-Davis and Scalice 2022) while also

https://doi.otg/10.12789/geocan;.2023.50.198
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Table 1. GeoTrails (for map, see https://geoscienceinfo.com/geotrails/).

Distance

Duration

Description

(km) (hours)

Ball’s Falls GeoTrail (Lincoln, Niagara) 1.5
Cave Springs GeoTrail (Campden, Niagara) 1
Niagara Gorge GeoTrail (Niagara Falls) 1
Chedoke Radial Trail GeoTrail (Hamilton) 1

Sulphur Springs GeoTrail (Dundas, Hamilton) 3.4

Tiffany Falls GeoTrail (Ancaster, Hamilton) 0.35

Take a short hike from Upper Ball’s Falls to Lower Ball’s
Falls and learn about an early settlement that utilized the
local geological resources.

Visit the trails here to see the famous Ice Cave and
search for hidden rivers that appear at the surface as
springs.

Hike the trail near the Niagara Gorge to learn how the
powerful Niagara River changed the landscape we see
today.

Explore this section of the Bruce Trail to see how the
Niagara Escarpment has helped shape the city of
Hamilton as both an obstacle to development and
important resource.

Located in the Dundas Conservation Area, following
this trail will lead you to the famous sulphur spring, the
Hermitage, and the Griffin House.

Take a short walk to the spectacular Tiffany Falls and
learn about active slope and valley processes along the
way.

considering the requirements for industry, urbanization, agri-
culture, tourism, outdoor recreation and nature conservation
(Haynes 1995). Over 1.3 million people live near the Niagara
Escarpment and require effective geoscience information to
help evaluate these competing interests in an age of increasing
urbanization (UNESCO 2018). The Niagara Escarpment has
also become a popular recreational attraction with hiking trails
(e.g. the Bruce Trail) leading to conservation areas and the
many waterfalls that cross its face, and offering seasonal
opportunities for downhill and cross-country skiing. Hence,
the Bruce Trail and its side trails along the Niagara Escarpment
have provided exceptional study sites to develop and test the
first series of GeoTrails. Bruce Trail hike leaders have been
able to provide valuable feedback on the first GeoTrails to help
us improve their construction and accessibility. We are open to
suggestions for improvement of the GeoTrails and will con-
tinue to seck opportunities for feedback from trail users, teach-
ers, geoscience educators and conservation experts.

The Niagara Escarpment is well suited for geoscience edu-
cation based on its proximity to major urban centres and the
rocks exposed along its length have been well documented
since the mid 1800s (Hall 1852; Grabau 1908; Williams 1919;
Bolton 1957; Brett 1983; Brett et al. 1990; Brunton 2009; Brett
et al. 2018; Brunton and Brintnell 2020). Rocks exposed along
the escarpment formed from the Late Ordovician to the mid-
dle Silurian periods when the Niagara region was covered in a
shallow sea that extended across much of Laurentia and was
home to a diverse number of invertebrate species (Brett 1983;
Brett et al. 1990; Brunton 2009; Brett et al. 2018; Brunton and

http://www.geosciencecanada.ca

Brintnell 2020). Hence, a mixed siliciclastic—carbonate succes-
sion of sedimentary rocks accumulated in the basin creating a
stratigraphy that continues to shape the modern landscape
with the rock types providing a primary control on the topog-
raphy of the region.

The Niagara Escarpment is vulnerable to differential ero-
sion with fractured dolostone units overlying recessive shale
layers which are exposed along major roads that cross the
escarpment in the city of Hamilton, Ontario (Formenti et al.
2022; Gage et al. 2022). These differential erosion processes
are not well understood and are the focus of ongoing research
by undergraduate students at McMaster University. The Geo-
Trails we have created showcase this active research to the local
community, including research constraining fracture patterns
(e.g. distribution, conductivity; Formenti et al. 2022) and ther-
mal change influencing winter weathering of fractured dolo-
stone (Gage et al. 2022). Researchers are also investigating the
influence of expanding urbanization and climate change on
active processes along the Niagara Escarpment, which can put
pressure on local rivers, increasing flooding and erosion risks
(Ramharrack-Maharaj and Davies 2023). Identifying, evaluat-
ing and mitigating these risks is important since the Niagara
Escarpment is an area of considerable ecological importance
and was designated as a UNESCO World Biosphere Reserve
site in 1990 (Niagara Escarpment Biosphere Reserve).

DEVELOPMENT OF GEOTRAILS
A total of six GeoTrails (Table 1) along the Niagara Escarp-
ment were developed and released to the public on the geo-
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Table 2. Urban GeoTrails (for map, see https://geoscienceinfo.com/utban-geotrails/).

Urban GeoTrail Created by

Description

University of Toronto University of

Toronto team

University of
Toronto team

Downtown Toronto: Union
Station to the Royal Ontario
Museum

McMaster Building Stones McMaster team

Discover how the University of Toronto and the city of Toronto grew
together from the historic building stones on campus.

Explore downtown Toronto and learn about the building stones that
shaped the city.

View the historic buildings and architecture to learn about the beginnings

of the campus and its expansion over the last century.

McMaster Rock Garden McMaster team

Visit the rock gardens on the McMaster campus to learn about the

different rock types and campus history.

Laurentia team
and Ontario
Geological Survey

Laurentian Campus

Wander through campus to explore local rocks with out-of-this-world
features, including shatter cones and the Sudbury Breccia.

science]NFO.com website between April 2022 and January
2023. This was done in partnership with the APGO Education
Foundation, whose mandate is to support students and inter-
nationally trained geoscientists, and to promote a greater
understanding of geoscience to the public (APGO:
https://www.apgoedfoundation.ca/). The APGO Education
Foundation provided technical support for the construction
and publication of the StoryMaps and consulted with commu-
nity groups to identify how the GeoTrails could aid in meeting
their mandates. Collaborations with members of the Bruce
Trail Conservancy and the Niagara Peninsula Aspiring Global
Geopatk helped guide site selection by identifying sites that are
accessible, popular with the public and geologically significant.
We have also launched an urban equivalent to our Niagara
Escarpment GeoTrails called “Urban GeoTrails” (Table 2),
which offer short geologically themed tours in urban settings,
showcasing the geologic history of features of ‘urban out-
crops’ such as building stones, rock gardens, and local parks.

Data Collection, Materials, and Resources

Data collection was led by teams of undergraduate students,
who did multiple reconnaissance trips along selected trails to
identify sites of geological interest and potential GeoTrail
stops. Field data collection included digital photos, 3-D LIDAR
models (Scaniverse using iPad Pro), digital 360° images, drone
imagery, GPS points, and other field-based observations. Sev-
eral logistical considerations had to be addressed during Geo-
Trail development, including site selection, time of data collec-
tion and accessibility. Site selection was based on numerous
factors including accessibility, safety, geological points of inter-
est, proximity to population centres and proximity to public
transportation hubs. Data collection was significantly limited
by seasonal time constraints; snow-covered outcrops and icy
trails rendered sections of the trails unsafe until April. By mid-
July, many of the outcrops were again covered by extensive
vegetation, therefore the most useful imagery was captured in
May and June.

GeoTrail text was developed based on field observations,
peer-reviewed journal articles (e.g. Brett 1983; Cramer et al.
2011) and detailed reports by the Ontario Geological Survey,
New York State Geological Survey, Niagara Parks, Hamilton
Conservation Authority and the Bruce Trail Conservancy.
Innovative research from these reports was integrated with
research published in academic journals and knowledge from
experts in the community. For example, a retired McMaster
professor, Dr. Gerry Middleton, published a series of open
access articles related to building stones and urban geology for
a local publication called “Raise the Hammer” (Middleton
2011). This resource was particularly useful as it provided reli-
able information about local features that are not usually doc-
umented in textbooks or academic journals. In addition, his-
torical records were investigated to provide perspective about
how eatly settlers utilized the local geology to establish viable
settlements starting in the 18+ century (Haynes 1995). These
settlements, which mostly lie below the Niagara Escarpment,
were protected from extremely cold climate conditions and
used natural hydropower created by waterfalls formed by rivers
flowing over the Niagara Escarpment. Preserving community
geoscience knowledge, including traditional ecological knowl-
edge from Indigenous communities (Gewin 2021), and making
that information accessible to the public is a major goal of
these GeoTrails. For example, Indigenous peoples were the
first to recognize the importance of natural resources includ-
ing chert nodules found in the capstone dolostone beds that
were used to create early tools. The GeoTrails will continue to
improve as we build stronger relationships by listening to and
learning from local Indigenous communities.

Choice of Dissemination Medium

Virtual field data can be hosted on many different platforms
including ArcGIS and Google Earth (Whitmeyer et al. 2012
and references therein; De Paor et al. 2016; Bitting et al. 2018;
Whitmeyer and Dordevic 2021). We chose to build the GeoT-
rails using ArcGIS StoryMaps as it is a user-friendly platform

https://doi.otg/10.12789/geocan;.2023.50.198
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Merritton Formation
dolostones
Thorold Formation ¥

(sandstones)

Grimsby Formation
(shales)

Devil's Hole Formation
sandstones

Ball's Falls Formation«:
(dolostones)

Power Glen

L
Formation (Shale) '
L

Horn Coral

You can see one end of a horn
coral (rugosa coral). You are
looking at the inside of the horn
and the pointer part is
embedded in the rock.

Figure 2: GeoTrails Data. (a) The lower waterfall at Balls Falls is presented in the GeoTrail using a slider. (b) GeoTrail users can move the slider to reveal the stratigraphic
nomenclature and lithology of exposed units (e.g. parts of the Medina Group in Figure 1). (c) Example of a 3-D model hosted in Sketchfab; the numbers represent interesting
features described using pop-up text boxes (see (d)). (d) Description of feature 1, a horn coral identified on the 3-D model shown in c. () High resolution photograph of
fossils that can be viewed in the 3-D model. (a, b) Ball’s Falls GeoTrail link: https://experience.arcgis.com/experience/c39feal6¢5994697844239ba5a2f2e84/. (c—e) Chedoke
Radial Trail GeoTrail link: https://experience.arcgis.com/experience/e8ffe313977d489aa91134b881c5f1df/.

and compatible with a variety of devices including phones,
tablets, and desktop computers. The flexibility and ease of
updating ArcGIS StoryMaps allows the GeoTrails to be living
documents that can be updated as we learn more about the
geology of our region and showcase active research. In order
to ensure that they may be enjoyed by as many people as pos-
sible, numerous display methods are used to ensure that these
GeoTrails are accessible and appeal to different learning styles.
As users scroll down the page, each brief section of text is
accompanied by a media component to better illustrate what is
being discussed. Types of media used are still photos, figures,
360° interactive photos, slide bars to allow for easy comparison
between two photos (Fig. 2a, b), video clips, drone footage,
and interactive 3-D LiDAR imaging (Fig. 2c—e). Audio bars are
also included that narrate all text to accommodate users with
visual impairment. By providing a diverse array of interactive
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learning materials, we hope to stimulate interest in the reader
and promote further learning.

GeoTrail Structure

The GeoTrails follow a consistent structure to make it easy for
users to find similar information at each site (Fig. 3). Each
GeoTrail contains a summary page that includes an introduc-
tion to the site with logistical considerations including safety
warnings, parking information and costs, and trail accessibility.
The introductory text includes a description of the site, a con-
nection between the area and the regional geology of the Niag-
ara Escarpment, a brief overview of each stop and an interac-
tive map showing the location of each stop (Fig. 3b). Land
acknowledgements are included to recognize the meaningful
history and connection Indigenous people have with the land
as well as to emphasize the lessons we can learn from Indige-
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Stop #6 Stop #7 Stop #8 Stop #9 logical Setting

Tiffany Falls GeoTrail

Distance: ~350 m | Duration: ~30 min

@ stop #3: Valley Processes

As you continue along the trail, you
will notice that it j

centre of a larg

starting between 10,000 and 1
years ago and its shape provides
clues about how it formed. The shape

* of the valley also determines the

it

Irondequoit Formation is

along the valley walls.

falls from this formation

remain as large blocks. Several fossils
such as crinoids, ¢ ls, and
brachiopods can be seen within these

large rock blocks.

Figure 3. GeoTrail layout construction. (a) Example of a summary page for Tiffany Falls with the stops, geological setting and environment tabs shown across the grey bar
at the top of the page. (b) A map on the summary page shows the location of each stop along the trail with a short summary of features and a photograph. (c) Each stop
starts with information about the location (e.g. GPS coordinates), accessibility and an accessibility description. The text beside it describes the corresponding media while the
number of slides is indicated in the bottom corner. Tiffany Falls GeoTrail link: https://experience.arcgis.com/experience/c0b10d68480444cbacde08432b5076b8/ .

nous wortldviews about sustainability and stewardship (Whit-
more and Carlson 2022). A land acknowledgement is included
at the beginning of every GeoTrail to remind users that we are
on the traditional territory of the Indigenous communities.
For example, the Hamilton and Niagara Regions are located on
the traditional territory shared by the Haudenosaunee Confed-
eracy and the Anishinaabe nations, which was acknowledged in
the Dish with One Spoon Wampum belt. This Wampum belt
uses the symbolism of a dish to represent the territory, and
one spoon to represent that the people are to share the
resources of the land and only take what they need (Seneca
College 2022). In this spirit, in all of our GeoTrails, we strong-
ly encourage the public to treat these lands with respect and to
leave them in their natural state.

Each stop along a GeoTrail has its own page (Fig. 3c),
which can be accessed via a series of tabs at the top of the
page when using a laptop, or a drop-down menu when using a
mobile device. Every stop begins with an accessibility rating
and access description for the location. Accessibility was

ranked for each stop along the GeoTrail from 1 (fully accessi-
ble for wheelchairs and strollers) to 3 (limited accessibility
including stairs and uneven paths). Descriptions for the acces-
sibility of each site are also provided with detailed information
about the trail conditions. For example, an accessibility
description could include whether the path is paved or
unpaved, steep, or gently sloping, and the presence of rocky
terrain and/or tree roots.

As you scroll down the page for each stop, you will find rel-
evant geological, environmental and historical information
depending on the point of interest. In addition, every GeoTrail
includes a geological setting and environment page. The text in
these two pages remains consistent among GeoTrails and pro-
vides additional information about the formation of the Niag-
ara Escarpment as well as its influence on the modern environ-
ment. The geological setting page describes the geology of
southern Ontario as an informal series of 4 units including
Precambrian, Paleozoic, Pleistocene glaciations and present-
day landscape. The history and formation of the Niagara
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Escarpment rock units during the Paleozoic is described by
characterizing each of the formations and briefly describing
how each represents changes in the paleoenvironment through
time reflecting tectonic events. The process of differential ero-
sion is discussed in relation to the formation of the Niagara
Escarpment and its many waterfalls including Niagara Falls.
The Pleistocene glaciations are documented through glacial
landforms that shape the modern landscape above and below
the Niagara Escarpment.

The environment page of each GeoTrail focuses on
answering the following question: “Why do we need to under-
stand the local geology?” in a series of short paragraphs with
corresponding figures. These sections feature examples of
how the Niagara Escarpment and local geology influence peo-
ple’s daily lives including agriculture, groundwater, rivers, cli-
mate, ecology, economy, transportation and tourism. For
example, the construction of the Welland Canal was necessary
to bypass Niagara Falls and connect the St. Lawrence Seaway
to the rest of the Great Lakes, allowing access to major ports
in Cleveland, Detroit, Milwaukee and Chicago. Another exam-
ple is the thriving wine industry in Niagara that is possible due
to a combination of diverse glacial soils and the unique climate
controlled by the Great Lakes and the Niagara Escarpment
(Shaw 2005).

Urban GeoTrail Structure

Utrban GeoTrails follow a similar structure to the GeoTrails,
however, the formatting is more flexible based on the available
information and targeted audience. For example, the Universi-
ty of Toronto campus and Downtown Toronto Urban GeoT-
rails feature two new pages - Building Stones and Rock
Descriptions. The Building Stones page provides a map with
the locations and descriptions of quarries where the building
stones were sourced (Hewitt et al. 1964; Kemp et al. 1998)
while the Rock Description page provides an overview of the
rock types featured on the Urban GeoTrail. This is valuable
information to help users understand how far some of the
stones have been transported; however, clear documentation
of the quarries where building stones were sourced is often
unavailable. On the McMaster campus, local stones from the
Niagara Escarpment are easy to spot, but the sources of meta-
morphic or igneous stones remain unknown. The Laurentian
Campus Urban GeoTrail describes building stones, rock gar-
dens, and outcrops on and near campus demonstrating anoth-
er method to showcase Ontario’s rich and complex geologic
history.

DISCUSSION

The process of creating GeoTrails in collaboration with the
APGO Education Foundation has led to numerous learning
opportunities, not only for the public who use them, but also
for geoscientists at various career stages who helped create
them. Farly career faculty (following the Natural Sciences and
Engineering Research Council of Canada (NSERC) definition
of individuals holding their first independent academic posi-
tion within the last five years) had the opportunity to engage in
science communication for the public and to network with
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community environmental leadership. Postdoctoral fellows
and senior graduate students had the opportunity to improve
their writing, field supervision and mentorship abilities. Under-
graduate students scouted field sites, collected data and pre-
sented GeoTrails to community members during guided hikes.
These opportunities entiched their careers by providing field
and research experiences to students as carly as during their
first year of study. Students were also encouraged to practice
their presentation skills to become effective scientific commu-
nicators to different audiences (e.g their peers, scientists, com-
munity stakeholders). Future research could continue to assess
students’ perspectives on how involvement in the GeoTrails
project has influenced their career trajectory.

Developing Opportunities for Geoscience Teaching
Fieldwork is fundamental to understanding the processes that
have shaped our planet (Elkins and Elkins 2007; Petcovic et al.
2014; Whitmeyer and Dotrdevic 2021; Evelpidou et al. 2021).
Field activities are understood to increase students’ interest
and enjoyment in a topic compared to traditional labs (Kern
and Carpenter 1984), while they also enhance students’ ability
to understand and use the acquired information (Kern and
Carpenter 1986; Elkins and Elkins 2007). Digital field tools
(e.g. virtual field trips, virtual outcrops) allow educators to
bring the field into the classroom, complementing fieldwork
(Arthurs 2021; Peace et al. 2021; Whitmeyer and Dordevic
2021; Marshall and Higley 2021; Gregory et al. 2022). Many of
these tools are not new (De Paor 20106), but their usage has
skyrocketed with remote learning conducted during the
COVID-19 pandemic (Peace et al. 2021; Evelpidou et al. 2021;
Larsen et al. 2021; Arthurs 2021; De Paz-Alvarez et al. 2022;
Gregory et al. 2022). Additional usage of digital field tools
highlighted their importance in making the field more accessi-
ble and inviting to all students as geosciences continue to strive
to improve diversity, equity and inclusivity (Arthurs 2021;
Peace et al. 2021).

Urban GeoTrails in cities and on campuses can be utilized
in undergraduate courses (Peebles and Johnson 1984; Wetzel
2002; Guertin 2005; Perez-Monserrat et al. 2013) and pub-
lished for community outreach (Hannibal and Schmidt 1991,
Horenstein 2008). These virtual tours can provide information
about environmental, engineering, architectural and geoher-
itage influences that direct the type of stone used for these
applications (Peebles and Johnson 1984; Hannibal and
Schmidt 1991; Brocx and Semeniuk 2019). For example, Indi-
ana limestone was selected for ornamental trimmings on Knox
College (University of Toronto St. George Campus) while
most of the building stones are of local Whirlpool sandstone
that can be observed in outcrop along the Bruce Trail (Rogers
2019). Limestone better preserves the sharp edges and ornate
details of the masonry work based on its crystalline structure,
instead of individually cemented grains. Additionally, building
stones reflect the history of the city and its resources with
many buildings relying on local stones, which were often more
affordable (Peebles and Johnson 1984; Eyles 2002). Examining
building stones (Hoskin 2000; Wetzel 2002; Guertin 2005;
Perez-Monserrat et al. 2013) and rock gardens (Dillon et al.
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2000; Waldron et al. 2016) in urban settings helps students
make connections between geology and social drivers, as well
as gain confidence and understand geological processes
recorded in more rural field areas (e.g. GeoTrails along the
Niagara Escarpment). Urban GeoTrails make the field more
accessible to students who feel more comfortable in, or are
restricted to, urban settings (Birnbaum 2004; d’Alessioa 2012)
and place-based learning has been shown to be remarkably
effective in urban undergraduate student populations (Kirkby
2014).

Strategies to Make the Geoscience Accessible to the
Public
The GeoTrails we have created thus far are an example of
effective collaboration between a registered charity (e.g.
APGO Education Foundation) and university students and
faculty (e.g. McMaster University, University of Toronto) to
promote geoscience and its environmental influence on the
community. The non-profit partner benefits from the univer-
sities’ expertise while the universities gained support to fund
students and access to resources (e.g. online platforms, staff
support). In addition, the non-profit partner provides a uset-
friendly website that permanently hosts the GeoTrails and
Urban GeoTrails, and regularly promotes the website at public
events across Ontario. These partnerships are essential to build
on the work community organizations have initiated (e.g. con-
servation efforts by Bruce Trail Conservancy), to break down
the image of the ‘ivory tower’ by showcasing active research
that is being conducted at the local university and to increase
transparency regarding government-funded research by shar-
ing research findings with the public (Yin et al. 2022).
Improving the accessibility of popular local trails and con-
servation sites is one of the goals of the GeoTrails and Urban
GeoTrails. It is necessary to ensure that the relevant geoscien-
tific information is not only communicated in an accessible
format that everyone can understand, but that the experience
of exploring the trail is also inclusive. These GeoTrails provide
a novel way to make geology more accessible for people with
limited mobility as well as to those in the international commu-
nity. The 360° images and 3-D models included in the GeoT-
rails allow the users to explore their virtual surroundings at
their own pace. Labels on the 3-D models point out features
of interest, and the high-resolution imagery supports further
investigation of features such as fossils, vegetation, and sedi-
mentary structures. By providing these GeoTrails virtually,
anyone can access the information to learn more about Cana-
dian geoscience and explore famous tourist destinations such
as the Niagara Gorge that might otherwise be cost prohibitive.
GeoTrails can provide educational opportunities for all
ages and aid in the development of resources for conservation
organizations (e.g. Bruce Trail Conservancy). Geotrails and
Urban GeoTrails are useful learning tools for use in primary or
secondary education classrooms. They are easily accessible
guides that will allow teachers to take students into the field
and learn about local geology without having to secure a
trained geoscientist as a guide. Alternatively, teachers who can-

not bring their students to the field (e.g. cost, location, accessi-
bility) are encouraged to access these virtual tours in the class-
room. Our multi-media approach is intended to provide as
immersive an experience as possible, allowing students to get a
feeling for what exploring the area is like without having to
visit in person. GeoTrails and Urban GeoTrails, supplemented
with educational materials for teachers, can help educators dis-
cover the potential of resources in their own backyards (Kean
and Enochs 2001; Kean et al. 2004). We are hoping to reach
more teachers with our upcoming Niagara Escarpment illus-
trated children’s book and teacher’s guide featuring activities
involving the GeoTrails. In addition, these GeoTrails help to
raise awareness about the impacts of climate change and/ot
land use on the local environment (Haynes 1995). The oppor-
tunity to learn about the environmental consequences of
lifestyle choices can help community members understand
their role in influencing global change.

FUTURE DIRECTIONS

The effectiveness of the GeoTrails to (1) build student leadet-
ship, (2) recruit students and (3) provide resources for local
communities will continue to be assessed over the next five
years. We plan to document the learning experiences of stu-
dents who have participated in the development of the GeoT-
rails and to determine how their involvement has influenced
their career choices. This will help identify which skills they
developed during their work on the GeoTrails were most valu-
able to them. We would also like to host workshops aimed
toward educators and community stakeholders (e.g. Curricu-
lum Connections at GACMAC 2023) to showcase the GeoT-
rails and gain information about how to improve the GeoTrails
to enhance student recruitment and better serve community
needs. We are actively secking feedback on the GeoTrails and
look forward to creating additional resources (e.g illustrated
book, podcast, trail signs) to supplement these educational
tools.

We will continue to create additional GeoTrails to show-
case regional geological differences across southern Ontario
and the influence of geoscience on our everyday lives. The
involvement of additional university groups in the future will
allow GeoTrails to expand to other regions of Ontario, such as
the Rideau Trail (between Ottawa and Kingston, Ontario) and
urban park trails within the City of Toronto. Ongoing testing
of emerging digital field tools will allow us to determine their
suitability and effectiveness to capture and present field data to
a variety of audiences. Drone-based photogrammetry created
using open-source software could also be incorporated in the
GeoTrails to create 3-D surfaces for users to explore. The cur-
rent GeoTrails feature drone photography, but drone-based
photogrammetry will be necessary to provide perspective
when access to parts of the trails may be problematic. Gami-
fying the GeoTrails to create additional opportunities for vir-
tual reality engagement could also be a future direction for this
project. Video game-style virtual field experiences provide an
excellent opportunity to improve field accessibly for both the
public and students (Mani et al. 2016; Needle et al. 2022).
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Incorporating downloadable formats of the information
including the audio descriptions provided in the GeoTrails is a
future target.

The GeoTrails we have created would also benefit from the
incorporation of additional opportunities for consultation
with Indigenous leadership, community feedback and citizen
science. Current feedback from community groups continues
to help us enhance GeoTrail methodology and accessibility
and inclusivity. However, the incorporation of user observa-
tions into the GeoTrails would help build local datasets for
geoscientists and empower citizens to take ownership of their
environment (Roche et al. 2020). There are logistical challenges
to integrating public input into active research; however, this is
an opportunity to generate new knowledge that needs to be
explored. We are excited about the opportunities the expan-
sion of the GeoTrails project provides and the potential to sig-
nificantly enhance public awareness and appreciation of geo-
science.

DATA AVAILABILITY
All GeoTrails are

Geoscienceinfo.com.

publicly available through
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SUMMARY

Increased use of renewable energy, coupled with electrification
of the economy, is considered important in efforts to limit
future climate change. This quest for such commodities is now
a persistent theme for the resource industry and emerging gov-
ernment policies. This review for non-specialists explains sev-
eral key concepts but also explores some challenges and appar-
ent contradictions in the context of Canada.

Canada now has a list of 31 critical minerals, but this
includes some major commodities for which domestic produc-
tion is significant and supply risk is low. The differences
between our list and those of other jurisdictions reflect our
more specific definitions. Most other commodities on Cana-
da’s list are also identified by other countries and some are
specifically linked to the energy transition. These include
cobalt, lithium, manganese, nickel, graphite and vanadium
(used in electric vehicle batteries and static energy storage),
rare earth elements (REE; used for magnets in EV motors and
wind turbines) and some rarer elements (e.g. germanium, galli-
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um, indium and tellurium) used in photovoltaic (solar) energy
systems. Some of these are potential primary products (e.g.
lithium, graphite and REE) but many others (e.g. cobalt, plat-
inum group elements and the photovoltaic elements) are
byproducts from the production of major commodities,
notably nickel, copper and zinc. The REE represent coprod-
ucts that are closely associated in nature and very hard to sep-
arate from each other; they are produced as a group.

There are some specific challenges in exploring for and
developing critical mineral resources. The end-use technology
driving demand evolves on a timescale of years, but mineral
exploration and development now typically take multiple
decades. Material substitutions and unpredictable develop-
ments in technology complicate the exact prediction of future
demands. The forecasts of overall relative demand growth are
impressive, but for some key commodities global production
will remain small in absolute terms, which may limit the poten-
tial for new discoveries. Simple measures of grade and tonnage
are not always guarantees of viability, because deposits of
some commodities (e.g. the REE) are mineralogically complex.
Byproduct commodities cannot be produced in isolation, and
many of these are only extracted in smelting and refining;
Domestic production of these commodities is effectively lost
if concentrates are exported for processing, The emissions and
environmental impacts associated with production of critical
mineral resources will also become important if such activity
is to be linked to wider climate goals. This may present chal-
lenges in northern Canada, where renewable or low-carbon
energy options are limited. Most draft land use plans in the
north presently emphasize large-scale land conservation,
which could limit future exploration access before resource
potential is fully assessed. Given the strong divisions of opin-
ion about resource development, especially in the north, con-
troversy and polarized debate will not easily be avoided.

There are no simple answers to challenges that are political
or jurisdictional rather than technical, but there is definitely a
need for more public geoscientific information. This will help
to identify areas of greatest potential, evaluate known deposits
and contribute to future sustainable development. For many of
the commodities on our critical mineral resources list, data for
Canada remains incomplete, especially in more remote regions
that are generally considered to have the highest potential.

RESUME
L'utilisation accrue des énergies renouvelables, associée a
Pélectrification de I’économie, est considérée comme étant

© 2023 GAC/AGC®



essentielle dans les mesures visant a limiter les changements
climatiques futurs. Cette transition ¢énergétique devrait
accroitre la demande de certaines matiéres premiéres, dont bon
nombre sont maintenant qualifiés de minéraux critiques. La
quéte de telles matieres premicres est désormais un théme per-
sistant pour I'industrie des ressources et les politiques gouver-
nementales émergentes. Cette revue a l'intention des non-spé-
cialistes explique plusieurs concepts clés, mais explore égale-
ment certains défis et contradictions apparentes dans le
contexte du Canada.

Le Canada dispose désormais d’une liste de 31 minéraux
critiques, mais celle-ci inclut certaines mati¢res premieres
majeures pour lesquelles la production nationale est importan-
te et le risque d’approvisionnement est faible. Les différences
entre notre liste et celles d’autres juridictions refletent nos défi-
nitions plus spécifiques. La plupart des autres maticres pre-
micres de la liste du Canada sont également identifiées par
d’autres pays et certaines sont spécifiquement liées a la transi-
tion énergétique. 1l s’agit notamment du cobalt, du lithium, du
manganese, du nickel, du graphite et du vanadium (utilisés
dans les batteries de véhicules électriques et le stockage sta-
tique de I’énergie), des éléments des terres rares (ETR ; utilisés
pour les aimants dans les moteurs de véhicules électriques et
les éoliennes) et de certains éléments plus rares (comme le ger-
manium, le gallium, indium et le tellure) utilisés dans les sys-
temes d’énergie photovoltaique (solaire). Certains d’entre eux
sont des produits primaires potentiels (comme le lithium, le
graphite et les ETR), mais beaucoup d’autres (comme le
cobalt, les éléments du groupe du platine et les éléments pho-
tovoltaiques) sont des sous-produits de la production de
maticres premieres majeures, notamment le nickel, le cuivre et
le zinc. Les ETR représentent des coproduits étroitement asso-
ciés dans la nature et tres difficiles a séparer les uns des autres;
ils sont produits groupés.

L’exploration et le développement de ressources minérales
critiques présentent des défis spécifiques. La technologie d’uti-
lisation finale qui stimule la demande évolue sur une échelle de
temps de quelques années, mais I'exploration et le développe-
ment miniers prennent désormais généralement plusieurs
décennies. Les matériaux de substitution et les développe-
ments imprévisibles de la technologie compliquent la prévision
exacte des demandes futures. Les prévisions de croissance rela-
tive globale de la demande sont impressionnantes, mais pour
certaines maticres premicres clés, la production mondiale res-
tera faible en termes absolus, ce qui pourrait limiter le potentiel
de nouvelles découvertes. Les mesures simples de teneur et de
tonnage ne garantissent pas toujours la viabilité car les gise-
ments de certaines matieres premicres (comme les ETR) sont
minéralogiquement complexes. Les matiéres premicres secon-
daires ne peuvent pas étre produites isolément, et bon nombre
d’entre elles ne sont extraites que lors de la fusion et du raffi-
nement. ILa production nationale de ces maticres premicres est
effectivement perdue si les concentrés sont exportés pour étre
transformés. Les émissions et les impacts environnementaux
associés a la production de ressources minérales critiques
deviendront également importants si cette activité doit étre liée
a des objectifs climatiques plus larges. Cela peut présenter des
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défis dans le nord du Canada, ou les options d’énergie renou-
velable ou a faible émission de carbone sont limitées. La plu-
part des projets de plans d’utilisation des terres dans le Nord
mettent actuellement Paccent sur la conservation a grande
¢chelle des terres, ce qui pourrait limiter 'acces a de futures
explorations avant que le potentiel en ressources n’y soit plei-
nement évalué. Etant donné les fortes divergences d’opinion
concernant le développement des ressources, en particulier
dans le Nord, la controverse et les débats polarisés ne seront
pas facilement évités.

Il n’y a pas de réponses simples aux défis qui relevent
davantage de la politique ou de la juridiction que de la tech-
nique, mais il est certainement nécessaire de disposer de plus
d’informations géoscientifiques publiques. Cela aidera a identi-
fier les domaines a plus grand potentiel, a évaluer les gisements
connus, et a contribuer au développement durable futur. Pour
bon nombre des matieres premicres de notre liste de res-
sources minérales critiques, les données pour le Canada
demeurent incompleétes, en particulier dans les régions plus
¢loignées qui sont généralement considérées comme ayant le
potentiel le plus élevé.

Traduit par la Traductrice

INTRODUCTION

The Context of the Modern Critical Minerals Discussion

The third decade of the 21s century began turbulently, with a
disruptive global pandemic followed by disturbing armed con-
flicts. Disruptions to supply chains from such circumstances,
including impacts on mineral resources availability, illustrated
the vulnerability of integrated international economies to nat-
ural and human influences. The topic of so-called ertical niner-
als is one small part of a much wider discussion about energy
and resource futures. Critical minerals are in the media on
almost a daily basis and addressed by formal documents from
the federal government (Government of Canada 2022) and
individual provinces (Government of Quebec 2020; Govern-
ment of Ontario 2022a). These documents emphasize expand-
ed and/or new mineral resource extraction and more efficient
utilization of existing resources to meet demands anticipated
as part of the so-called energy transition. Such needs are predict-
ed by studies that attempt long-range predictions of supply
and demand to 2100. The most widely quoted of these ‘scop-
ing studies’ are by the World Bank (2017, 2020) and the Inter-
national Energy Agency (IEA) in 2020 and 2022. The IEA
released an updated report in July 2023 that analyzes the
growth in demand and supply for such commodities. This
review article outlines key critical minerals concepts in a gen-
eral sense and explores present discussions in the context of
Canada. It does not include detailed geological treatments of
every commodity, although this is certainly needed. It also
touches on some wider issues, including challenges and poten-
tial contradictions that are not always discussed in scientific
papers. It is intended to inform readers who lack specialized
knowledge, which include many in the geoscience community.
There is no shortage of promotional corporate material relat-
ed to exploration, and more nuanced policy documents from
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governments will inevitably be tabled, but widespread media
misconceptions underline the need for jargon-free explanatory
material. There is also a pressing need for systematic geoscien-
tific information about many of these commodities on a
national scale, but this is no small task.

What are Critical Minerals and Why Might They Prove
Controversial?

As geoscientists, we know that non-renewable natural
resources are a cornerstone of modern industrial society,
although this is not always recognized by the public. Simplistic
estimates of the annual per-capita usage of key commodities
in current decades by the United States Geological Survey
(USGS) illustrate this vividly (Fig. 1). If such consumption
rates are sustained over human lifetimes, the demand for mate-
rials is truly immense. Such guesstimates apply to the USA and
other industrialized countries, but most people on Planet
Earth consume far less than this. However, the peoples of the
wortld understandably aspire to enjoy living standards akin to
those of industrialized countries, so resource usage will only
grow, even if global populations stabilize or even diminish.

The concept of critical minerals arose long before this cen-
tury, but some of its tenets ate now altered. The first list of
‘war minerals’ was compiled by the USA during World War 1
(Nicholls 2022), and control of strategic resource supplies was
certainly critical in World War 1I, as illustrated by uranium
(Zoellner 2011). During the ensuing “Cold War” western
nations worried about disruption of strategic resource sup-
plies, so they prioritized such materials and some maintained
physical stockpiles. Such policies lapsed for most commodities
in the late 20 century, but returned in the early 21s century, in
part because of China’s increasing dominance in the minerals
sector. Critical minerals are now foremost on the agenda of
most industrialized countries in the form of ‘critical minerals
lists” and specific policies to reduce dependence on imports.
However, this revival is not universally welcomed, as it ampli-
fies divergence between advocates of resource extraction and
those concerned with environmental impacts and land conser-
vation (e.g. Lee et al. 2020; Lebre et al. 2020; Crawford and
Odell 2022). Linking potential new mining developments to
global efforts to limit the impacts of climate change is contro-
versial in this context, and some (e.g. Environmental Justice
Atlas and MiningWatch Canada n.d.; see also Deniau et al.
2021) contend that it is a distraction from the greater need to
reduce material usage and emissions. A recent analysis of
media discussion around critical minerals extraction related to
electric vehicles (EVs) by Agusdinata and Liu (2023) shows
that issues related to environmental and social impacts receive
far more coverage than any technical matters. The degree to
which media coverage actually reflects the balance of opinion
is of course subject to discussion, but there is no denying its
potential influence.

The most common questions about critical minerals are as
follows. First, what are they and how exactly are they defined?
Second, why do the critical minerals lists of various jurisdic-
tions differ in important respects? Third, how reliable are
demand forecasts by the World Bank, IEA and other agencies
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Figure 1. An illustration of per-capita annual resource demands for the United
States in the early 215t century, as compiled by the United States Geological Survey
in 2019. For the purposes of representation, petroleum products are recalculated
into tonnes on the basis of an average density of 0.9 g/cc, and natural gas is con-
verted from cubic feet assuming that a cubic foot weighs 0.15 kg (i.e. about 5
kg/m3; or 0.005 g/cc). The horizontal scales for the upper and lower parts of the

figure are adjusted to represent the wide range of values.

for such commodities? Fourth, are there substitutes for such
materials, and could existing sources augmented by recycling
instead suffice? A more complex question brings these themes
together to ask if the purported criticality of a mineral deposit
might justify its more rapid development, and/or setting aside
some environmental concerns. Another closely linked question
asks if emissions involved in developing and processing such
resources discount or negate long-term climate benefits. Some
of the commodities involved in this debate are now labelled as
“green minerals” or referred to in phrases such as “wining for
clean energy” (e.g. Clean Energy Canada 2017) or “chinmate-smart
mining” (World Bank 2020). To phrase these questions in
another way, are such labels truly accurate, or are some com-
modities being misrepresented or ‘greenwashed’ by those with
a vested interest in their extraction?

Sources of Technical Information about Critical Mineral
Resources

In Canada, public geoscientific information is presently
incomplete for many commodities now labelled as critical min-
erals, especially those that lack previous exploration interest.
Some entries on Canada’s list are familiar major commodities
(although the criteria for their inclusion are debatable; see later
discussion) but existing resources may not suit new uses, so
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new technical information is still needed. Canada has a reputa-
tion as a resource-rich jurisdiction and a leader in minerals
research and exploration financing, but other jurisdictions (e.g.
the USA, UK, EU countries and Australia) have to date been
more active in gathering, compiling and disseminating techni-
cal geoscience information.

A massive compilation of technical information by the
USGS (Schulz et al. 2017) provides geological and geochemical
data for more than 20 commodities, including information on
markets, processing and environmental aspects. These provide
useful background information on resources and environ-
ments in Canada. The British Geological Survey (BGS) pro-
vides excellent reports on multiple commodities with a wider
scope, although with some focus on Africa, seen as a prospec-
tive region closest to Europe (e.g. Petavratsi et al. 2019;
Mitchell and Deady 2021; Goodenough et al. 2021). Geo-
science Australia also provides summary information and
detailed accounts for specific commodities and more general
analyses (e.g. Skirrow et al. 2013; Mudd et al. 2019, Huleatt
2019). Specific commodities in parts of Canada are discussed
in reports issued by provincial geoscience agencies (e.g. Kerr et
al. 2009, 2013; Simandl et al. 2012) but these lack national con-
text and some are now outdated. The critical minerals strate-
gies tabled by federal and provincial governments contain lim-
ited geoscientific data and focus more on the wider economic
potential of these commodities, including the development of
vertically integrated supply and production chains.

Broad statements that Canada is a “Storehouse of critical niin-
erals” (or words to that effect) abound in strategy documents
and much corporate literature, but supporting data remain lim-
ited. Such statements partly reflect a modified definition of
criticality adopted by Canada, through which several well-
established commodities that we produce are included on our
list, as discussed in the next section. A recent CBC news item
(Panetta 2021) pointed out that our reserves of other critical
mineral resources are actually small on a global scale even if
there is perception of untapped wider potential. A more recent
newspaper article (The Globe and Mail 2022) stated that
“Canada’s ambitions are the right ones, at least on paper. The trick is
moving beyond blueprints”. One of few documents that are easily
available on government websites is the report of the House
of Commons Standing Committee on Natural Resources
(Maloney 2021). An earlier document of this type (Anony-
mous 2014) is specifically related to rare carth elements (REE).
Both include submissions from diverse industry experts, and
the lack of technical information emerges as a common
theme. These committee reports are not technical geoscience
documents, although they contain opinions from geoscientists,
but they provide interesting insights into political and ideolog-
ical viewpoints that will likely influence geoscience research
efforts. The Government of Ontario (2022b) provides infor-
mation on specific commodities in that province, but only at a
general level. The Ontario Mining Association (2022) provides
more detailed information on production, markets and fore-
casts, outlining the concerns of industry, but their compilation
is not geoscience oriented. The recent paper by Simandl et al.
(2021) in Geoscience Canada discussed commodities linked
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specifically to energy applications in more detail, and was a
useful source for this paper, but is not specifically Canadian in
focus. A more recent summary by Simandl (2023) discusses
more specific issues related to Canada’s critical minerals list
and strategy, and also touches upon some of the themes in this

papet.
CRITICAL MINERALS AS VIEWED IN THE 21st CENTURY

Critical Minerals versus Critical Materials or Critical Min-
eral Resources

The term critical mineral(s) is established but inaccurate
because it includes elements, groups of clements, minerals,
gases, and other organic raw materials. The minerals that are
processed to extract chemical elements, or used directly, are the
real topic under discussion and some entries (e.g. helium) have
no connection to minerals. Some treatments prefer critical mate-
rials as a term, but this might be construed to include synthetic
substances. Although it is difficult to avoid ‘critical mineral’
entirely, the more precise definition should be kept in mind,
and the term critical mineral resources is preferred here. Helium
(He) is present on several lists, including Canada’s, but this is
excluded from discussion here.

Definitions and Modified Definitions

The term critical mineral first appeared following World War
11, although the concept is much older. Nicholls (2022) men-
tions a terse anonymous quote that simply said, ‘%5 stuff you
need that you can’t get,” and this is the essence of the concept. It
is applied to mineral resources from geographic areas deemed
vulnerable to natural disasters, military conflicts or political
upheavals. In other words, mineral resources considered vul-
nerable to supply risk are deemed as critical. Consideration is
also given to another loosely defined parameter termed eco-
nomic importance (or similar wording) that measures industri-
al or strategic value. Criticality then becomes a combination of
the two measures, such that a critical mineral resource is
defined largely by high economic importance and elevated
supply risk (e.g. Graedel et al. 2015). Usually, a numerical
‘score’ is assigned to supply risk and economic importance, as
shown in Figure 2 (adapted from Skirrow et al. 2013). The cri-
teria used to derive these scores are only partly quantitative, so
some divergence among critical mineral resources lists should
be expected, especially where countries also have some domes-
tic production. It is also important to remember that the rank-
ing of a given critical mineral resource is subject to change
over time; for example, Figure 2 (which is 10 years old) did not
categorize lithium (Li) as critical, but this would not apply
today. Supply risk is also defined in different ways; for example,
some jurisdictions (such as the USA) use ‘single-point-of-fail-
ure’ exclusions such that even if domestic production is signif-
icant, the commodity is considered at risk if the source is
unique. The methods and reasoning used in definitions of crit-
icality are discussed in much more detail elsewhere (e.g
Graedel et al. 2015; Simandl et al. 2021), but the key point is
that there is no single rigorous definition, and the approaches
of various jurisdictions may be inconsistent.
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Figure 2. An illustration of how critical minerals are defined in terms of their per-
ceived importance to industry and perceived risks to their supplies. Modified after
Skirrow et al. (2013).

Some mineral resources are excluded even though they
seem to have obvious relevance to the energy transition. For
example, uranium (U) was removed in 2021 from the US crit-
ical mineral resources list because it was considered an “energy
mineral”. This decision proved politically controversial (e.g
Mining Newswire, November 2021). In other cases, mineral
resources that lack obvious supply tisk are defined as critical,
as in the case of Canada’s current critical minerals list, as dis-

cussed below, and also by Simandl (2023).

Lists and Changing Lists

The critical mineral resources lists maintained by Canada,
USA, the EU and Australia are not identical, but they have
much in common. They can be visually represented using the
periodic table, even though some are not strictly chemical ele-
ments (Fig. 3; following Emsbo et al. 2021). Most commodities
are found on two or more of these lists, and some are present
on virtually all. Figure 3 also illustrates an important facet of
Canada’s list; it includes several major commodities (alumini-
um (Al), nickel (Ni), copper (Cu), zinc (Zn), potash (IKCl)) and
also U, which are generally not listed by the other jurisdictions.
The Government of Canada strategy document (2022) tabu-
lates a wider selection of such lists, including Japan, South
Korea and the United Kingdom, but these are not incorporat-
ed in Figure 3. A patriotic ‘Maple Leaf” graphic illustrates our
list in strategy documents (Government of Canada 2022). This
is included here to highlight differences from lists maintained

by the USA, EU and Australia (Fig. 4a). As noted above, Cana-
da’s list includes some commodities that do not have obvious
supply risk in our context. Nickel was added to the USA list at
the same time as U was dropped. Canada was the world’s
largest source of potash and its second-largest source of U in
2022. Our production of copper, nickel and zinc is also signif-
icant over many decades, although our world share has
declined. In 2022 we ranked sixth for Ni, eleventh for Zn and
twelfth for Cu. We also produce many other commodities on
our list, such as cobalt (Co), titanium (Ti), molybdenum (Mo),
niobium (Nb) and platinum group elements (PGE). Canada
does not mine any ores of Al, as raw materials (bauxite) are all
imported, but aluminum production is important economically
in Quebec and British Columbia. Simandl (2023) also pointed
out that several entries on Canada’s critical mineral resources
list are not obviously subject to supply risks. This contrast
between Canada’s list and those of others reflects slightly dif-
ferent definitions of criticality. The Government of Canada
(2022) also includes commodities that are “...a sustainable source
of highly strategic critical minerals for our partners and allies....”.

Simandl et al. (2021) discussed this issue in general terms
and suggested that it reflects the desire to promote domestic
production and exports. Simandl (2023) provided additional
discussion in a Canadian context and suggested that some
commodities are included on the basis of their importance to
the economies of provinces and territories, rather than accord-
ing to supply risk. Among the commodities that contribute
most of the more than $40 billion value of mineral production
in Canada in 2021 (Natural Resources Canada 2022; excluding
coal, iron ore and construction materials) only gold and dia-
monds are actually excluded from the critical mineral resources
list. On the basis of the current list, close to one third of the
total value of Canada’s mineral production is represented by
critical mineral resources.

The differences between our list and those of others illus-
trate the influence that the precise definition of criticality has
upon which commodities are included on such lists. Although
our inclusion of some major commodities is fully consistent
with the reasoning employed, it could cause some complica-
tions. First, when references are made to total Canadian
reserves and resources, these include (and are in fact dominat-
ed by) such commodities. Second, if the development of crit-
ical mineral resources is to be prioritized or financially encour-
aged in some way, proposals involving these commodities
could be challenged by opponents of development, because
they do not have obvious supply risk and are not classed as
critical by others. Proposals to develop uranium deposits
would probably be the most likely to awaken controversy on
this basis, based on numerous historical precedents. Presently,
only Canada and South Africa include uranium as a critical
mineral.

However, it is important to note that commodities that lack
obvious supply risk may indeed be important in the context of
the energy transition (e.g. Cu, Ni and perhaps U), in efforts to
reduce emissions (e.g. Zn) or for global food production (e.g.
potash). Aluminum plays a vital role across all industries,
including energy technology. Copper is important because
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Figure 3.

The periodic table of the elements, showing the critical minerals defined by four jurisdictions (USA, Canada, European Union and Australia) using a colour-coding

system. Potash is illustrated using potassium (K), fluorspar is illustrated by fluorine (F) and graphite is illustrated by carbon (C). Elements denoted in negative format (black
fill and yellow letters) are those categorized as critical by Canada, but not by most other jurisdictions. Modified after a similar diagram by Emsbo et al. (2021). Note that the

critical minerals lists do change with time.

renewable energy generation requires much greater transmis-
sion capacity. Nickel and Zn also have existing and potential
roles in energy technology, although this is not their most
important usage.

Most other entries on Canada’s critical mineral resources
list (Figs. 3, 4a) have geographically restricted sources,
although we do produce some. The supply risk for many has
increased since 2000, and China now dominates some, to the
extent of controlling most supply and downstream processing.
This is most extreme for the rare earth elements (REE) but it
applies to other commodities, such as antimony (Sb), graphite
and tungsten (W). Whenever a single entity — be it a nation or
a corporation — controls most sources and most availability, it
effectively controls pricing, so this is part of the supply risk
assessment. This aspect is downplayed in many critical miner-
als strategies (for example, Canada’s document refers to “non-
like-minded countries” and avoids any identification) but con-
cern is more overt in documents that have a political context
(e.g. Anonymous 2014; Maloney 2021) and in equivalent analy-
ses from the USA (e.g Humphries 2019). Russia’s important
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reserves of some critical mineral resources (e.g. PGE, vanadi-
um (V) and potash) are undoubtedly of more recent concern.
As geoscientists, we naturally prefer to focus on technical
information, but there are definite nationalistic and competi-
tive dimensions to the current interest in critical mineral
resources.

Groupings of Critical Minerals and their Importance
Canada’s present list of 31 critical mineral resources (Figs. 3, 4)
is also summarized in Table 1. Note that it includes two
groups, REE and PGE, that comprise multiple chemical ele-
ments. The individual elements in each of these groups are not
all critical in their own right, but rather occur together in
nature, and may be difficult to separate.

The REE include 15 individual elements, comprising the
lanthanide series (La to Lu in the periodic table; Fig. 3) and the
chemically similar element yttrium (Y). Scandium (Sc) is also
commonly grouped with the REE, although there is no geo-
chemical basis for this. The PGE include iridium (Ir), platinum
(Py), palladium (Pd), osmium (Os), rhenium (Re), rhodium
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Figure 4. Canada’s present list of critical minerals in graphical form, structured to provide the outline of a maple leaf, as in our flag, modified after Government of Canada
(2022); (A) colour-coded version to highlight commodities for which Canada’s definition of critical also includes factors other than supply risk; see text for discussion. (B) A
colour-coded version to highlight primary products versus byproducts and coproducts. Note that the REE are mutual coproducts, but commonly are mined as a collective pri-

mary product.

(Rh), and ruthenium (Ru). The elements within the REE and
PGE groups each exhibit similar geochemical behaviour and
each clement group occurs in distinct geological settings. The
affinities between individual PGE are looser than those
between individual REE; for example, it is possible to identify
Pd-rich deposits that contain little Pt, or vice versa. In contrast,
REE deposits dominated by only a single individual element
simply do not exist. REE with lower atomic numbers (‘light
REE’) are more abundant in absolute terms than those with
higher atomic numbers (‘heavy REE’). Note that the conven-
tional scientific method of graphically representing REE pat-
terns, by normalizing data to chondritic meteorite data, does
not actually represent absolute abundances; the heavy REE are
much rarer than the light REE. Weng et al. (2015), Goode-
nough et al. (2018) and Jowitt (2022) provided additional dis-
cussion around “REE Balance”. The REE are effectively
coproducts, at least at the mining and processing stages of
supply chains, and this also generally (but not always) applies
to the PGE.

Several commodities on Canada’s list are important transi-
tion metals associated with the steel industry, such as Mo, V, W,
chromium (Cr), and manganese (Mn). Chromium and Mn are
major commodities based on their large annual global produc-
tion, but Canada is presently dependent on imports. Other
transition metals on Canada’s list include Co, Nb, bismuth (Bi),
and tantalum (Ta). Some of these (notably Co, Mn, Ta and V)
have important applications in energy technology, as discussed
below. Lithium and cesium (Cs) are alkali metals (Group 1 in
the periodic table; Fig, 3) but have rather different geochemical
properties and natural abundances. Lithium is especially
important in modern battery technology (see later discussion).

Critical Mineral Resources and the Energy Transition
Current discussion about critical mineral resources focuses on
materials that have roles in renewable energy (e.g. solar power,
wind power and other innovations) and energy storage tech-
nology (i.e. batteries). Most industrialized countries now have
policies to decarbonize transportation within the coming
decades. Electric vehicles (EVs) need efficient motors and
lightweight batteries with high energy densities, i.e. able to
function for long periods before recharge. Wind power needs
lightweight and efficient generators, which have much in com-
mon with EV motors. Photovoltaic technology (i.e. direct con-
version of solar radiation to electricity) is moving from rela-
tively inefficient silicon-based panels to so-called ‘thin film’
technology that is more efficient. Research in the energy sector
is especially active and dynamic (see Simandl et al. 2021, 2023
for more details; also, Goodenough et al. 2018; Gunn and
Petavratsi 2018; Bloodworth 2019; McNulty and Jowitt 2021).
The treatment here is confined to a brief overview of essen-
tials.

Important battery minerals include Co, graphite (a mineral
formed of elemental carbon), Li, Mn, Ni and V. Although Ni
is on Canada’s list and is used in batteries, its main applications
are in other sectors, such as steel. This is also true for Mn,
which has many uses. Some of the REE (notably La, Ce and
Y) and also lead (Pb) and cadmium (Cd) have battery sector
applications, but the latter two elements are omitted from
Canada’s present list. Future V demand growth is projected if
vanadium-redox batteries (VRBs) are extensively deployed (e.g.
Simandl and Paradis 2022). Many other storage battery systems
are in research stages, so the final shape of this sector is very
hard to predict (Simandl et al. 2021, 2023). The greatest pres-
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Table 1. Listing of critical minerals presently identified by Canada, with brief comments on their attributes.

Material Symbol Comments

Aluminum Al Important major commodity, but not mined in Canada. Produced from imported bauxite ores processed in QC and BC.

Antimony Sb Now supplied from China, but deposits in NB and NL have produced; resoutces remain in NL. Also associated with gold
or base-metals veins, but generally at low grades. A pathfinder for gold.

Bismuth Bi Byproduct from some base-metal and gold deposits. Future production from NWT (NICO deposit) possible.
Subeconomic deposits in NB associated with W, Mo and In (Mount Pleasant)

Cesium Cs Byproduct typically associated with Li- and Ta-Nb-bearing pegmatites. Produced in small amounts from Tanco, MB;
largely used to make Cs-formate brines, but has other uses.

Chromium Cr Major commodity, typically found in layered mafic intrusions. Large undeveloped deposit (Black Thor) in the "Ring of
Fire" area, northern ON. Smaller deposits associated with ophiolite suites (BC, QC, NL)

Cobalt Co Byproduct from some Ni-Cu sulphide deposits, but major global source is from Cu deposits in central Aftrica. Produced
from several deposits in Canada, and associated with many undeveloped deposits.

Copper Cu Important major commodity mined from porphyry deposits (BC), in some cases with byproduct Mo. Also obtained from
Ni-Cu sulphide deposits and VMS deposits all across Canada.

Fluorspar CaF, Industrial mineral used in steel/chemical sectors. Mined in NL since the 1930s, Other Canadian deposits are minor, with
limited past production. Usually in vein-type settings related to granite.

Gallium Ga Rare trace element, byproduct from smelting of some zinc ores, but also enriched in bauxite (aluminum) ores, although
not easily extracted from these. Important photovoltaic applications.

Germanium Ge Rare trace metal element, byproduct from smelting of some zinc ores. Currently extracted at smelters in Canada and
clsewhere. Semiconductor important in computer technology.

Graphite C Soft form of elemental carbon, in massive or microcrystalline form, usually found in metamorphic terranes. Supply
dominated by China and Aftica, but several deposits exist in QC and ON.

Helium He Inert gas extracted from hydrocarbons. Not a true mineral by definition, and absent from natural minerals. Not discussed
in this article.

Indium In Rare trace element, byproduct from smelting of some zinc ores. Canada is an important producer. Associated with Cd
and Ge, locally with Ga. Possible byproduct from Mt Pleasant deposit in NB

Lithium Li Critical in battery sector. Obtained from pegmatite deposits and salar brines in South America. Li-rich pegmatites are
well-known in the Canadian Shield. Some production from Tanco (MB).

Magnesium Mg Not currently produced in Canada. Previous production from carbonate deposits in BC. Increasing usage in low-density
alloys, with Al, other metals. Deposits in BC are being re-evaluated.

Manganese Mn Former byproduct from discrete zones in iron-ore deposits (QC, NL). Potentially large sedimentary Mn deposits known
in NB and Maine (USA). Present supply is mostly from southern Africa.

Molybdenum Mo Byproduct from porphyry copper deposits (BC), but locally the primary commodity. Smaller granite-related deposits are
known in NB and NL. Locally associated with U deposits.

Nickel Ni Important major commodity mined from Ni-Cu sulphide deposits in Canada, notably Thompson, Sudbury, Raglan and
Voiseys Bay. Important for byproduct Co or PGE production from some.

Niobium Nb World supply largely from Brazil (90%), followed by Canada (10%). Associated with carbonatite in QC, but found locally
in pegmatites (with Ta) and in various REE deposits.

*Platinum Group Elements PGE Trace elements associated with Ni-Cu sulphide deposits in Canada (Thompson, Sudbury, Raglan). Generally byproducts,
but can also be a primary commodity, with byproduct Cu and Ni.

Potash Kl Industrial mineral used in fertilizers and chemicals. Canada is the world's largest producer, dominated by several mines in
SK. Lesser intermittent production from southern NB.

*Rare Farth Elements REE Trace elements, associated with primary deposits in unusual granite and carbonatite bodies in Canada, but with diverse
associations worldwide. Canada has significant resources, but limited production.

Scandium Sc Extraction and use limited by extreme rarity of deposits, but could have wide application in alloys. Byproduct from some
REE mining in China, and recently from Ti deposits in QC.

Tantalum Ta Trace element associated with Nb in carbonatite and with Li, Cs in rare pegmatites. Previously mined in Tanco, MB.
Important in electronics; varied supply includes aritisanal mining in Africa.

Tellurium Te Rare trace element, byproduct from smelting of zinc ores or refining of copper; also found as a byproduct in some
Au-Ag deposits.

Tin Sn One of the very first critical minerals in the Bronze Age. Associated with hydrothermal deposits in high-level granite
bodies. Low-grade deposits in NS and NB, locally enriched in VMS deposits.

Titanium Ti Important commodity produced from deposits in QC with very large ilmenite resources. Metallurgically suitable Ti
deposits may yield byproduct vanadium, some are also enriched in Sc.

Tungsten \% Similar geological habitat to tin, but also forms large skarn deposits, previously mined in YT/NWT atrea. Deposits known
in NL and NB, including high-grade veins and large disseminated deposits.

Uranium U Energy mineral produced in Canada from several deposits in SK. Canada was once world's largest producer but now
ranks sixth. Potential resources in NWT, NU and NL.

Vanadium \% Generally a byproduct from steel industry or iron-ore mining, also extracted from heavy oil and coal ash. Primary deposits
are associated with mafic intrusions, with resources in QC and ON.

Zinc Zn Major commodity mined across Canada, from sedimentary- and volcanic-hosted sulphide deposits. Increased usage in

galvanization anticipated. Potentially important for byproduct Ga, Ge, In.

NOTES: Some entries (e.g., Al, Cu, potash, Ni, U and Zn) are generally not identified as "critical" by other jurisdictions, and Canadian production for these is significant,
although raw material sources may be elsewhere, as for Al. Canada also produces cobalt, molybdenum, niobium, Platinum-Group Elements (PGE), titanium, indium, fluorite,
germanium and REE, although for some of these production is minimal. Aside from niobium, fluorite, titanium and REE, Canadian production of these minor commodities

is as byproducts.

* A group of related and chemically similar elements. PGE group includes Ru, Rh, Pd, Re, Os, Ir and Pt (ascending atomic number). REE group includes Y, La, Ce, Pr, Nd.
Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb and Lu (ascending atomic number), and may include the unrelated element Sc (atomic number 21) in some discussions. See Figure 3 for

periodic table information.
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ent exploration interest is for Li, graphite and Co. There are
numerous combinations of these (and other) materials used in
clectrodes, electrolytes and other battery components (see
Bloodworth 2019 and Simandl et al. 2021). Although their pet-
formance varies, these recipes all fulfil the basic functional
requirements, so there is wide scope for substitution in these
applications if a given material is unavailable or prohibitively
expensive.

Magnet materials contribute to high-strength, lightweight
permanent magnets needed for wind turbines and many EV
motors. However, not all EV motor designs require permanent
magnets, although these offer performance advantages (Good-
enough et al. 2018; Simandl et al. 2021). Interestingly, the Ger-
man manufacturer BMW recently stated that their next gener-
ation of electric vehicles will be powered by motors that do
not require REE (Banner 2022). There is considerable flexibil-
ity in proportions of component materials, as in the battery
sector. The REE are very important, because the addition of
REE to alloys (also involving iron, boron, cobalt and other ele-
ments) increases field intensity with minimal density increase.
Neodymium, praseodymium (Pr), samarium (Sm), dysprosium
(Dy) and terbium (Tb) are the most important and valuable of
the REE, but others also have utility. The choice depends to
some extent on the application and the operating environment.
Simandl et al. (2021) provided a useful account of existing and
potential magnet types and the wide variety of material
requirements that might be anticipated from their use but can-
not be accurately predicted.

Photovoltaic materials are those connected to direct solar
power generation. Large-scale implementation of solar energy
(of any type) also demands energy storage capacity (i.e. batter-
ies) and extensive transmission networks. Thin-film photo-
voltaic systems are more efficient than silicon-based equiva-
lents, but some have yet to demonstrate commercial feasibility.
These involve several metals and semi-metals including Cd,
gallium (Ga), germanium (Ge), indium (In) and tellurium (Te).
Other elements, such as Mo and tin (Sn) may also have impor-
tant future roles (e.g. Simandl et al. 2021, 2023). With the
exception of Cd, all are listed as critical by Canada and other
jurisdictions (Fig. 3; Table 1). All these commodities, with the
local exception of Mo and Sn, are mined as byproducts or
coproducts, most typically from zinc or copper deposits. They
are recovered during smelting and refining operations, rather
than being separated at sources. The byproduct status of these
materials (and many others) adds significant complications in
assessing possible sources, and for any efforts to increase pro-
duction and recovery (see later discussion).

Primary Products, Coproducts and Byproducts

Only a few of the materials on Canada’s critical minerals list
are primary products from existing mining operations, and
these are mostly the major commodities that lack obvious sup-
ply risk. Table 2 summarizes important relationships between
byproducts and associated primary products. Figure 4b shows
Canada’s list in ‘maple leaf” format and indicates primary prod-
ucts, byproducts and also a few entries that can come in either
form. A visual representation of some of the links between

commodities is provided in Figure 5, modified and simplified
from the more comprehensive original by Mudd et al. (2019).

Some product-byproduct links are well known. For exam-
ple, Mo is generally produced from large (porphyry-type) cop-
per deposits although it may locally be the primary product in
Mo-rich subtypes. As discussed eatlier, the entire REE group
are coproducts; they will commonly all occur in a single min-
eral or in a small selection of minerals. The PGE are mostly
associated with magmatic Ni-Cu sulphide deposits (like Sud-
bury, Ontario) and extraction is usually dependent on Ni and
(or) Cu production. But this is not always the case; in some
instances PGE are the primary commodity, with Ni and Cu as
byproducts. This is the case for the world’s largest PGE pro-
ducer, the deposits of the Bushveld Intrusion in South Africa.

Several important elements are linked to Cu and Zn,
including many of those used in photovoltaic technology (Ga,
Ge, In, Te and Cd). Cobalt was mined historically as a primary
commodity in Ontario but is today largely a byproduct from
Ni-Cu sulphide deposits (many areas worldwide) or sedimen-
tary-hosted copper deposits in central Africa. These are all
cases where a critical mineral resource is linked to another
commodity that may have a different demand profile. Increas-
ing the availability of Ga (which is enriched in some ores of
aluminum) by processing more bauxite is obviously not feasi-
ble unless demand for aluminum grows hugely, but developing
Ga recovery from existing operations may be. However, pre-
dictions of increased demand for Ni and possibly Zn (see later
discussion) may be a route to increasing supplies of Co and the
photovoltaic elements.

Niobium, Ta and Cs are all linked to pegmatites, which are
late-stage segregations of fluid-enriched granitoid magmas,
and this is also a noted geological environment for Li, which is
generally a primary product in hard-rock mining. However, a
large part of the global Li supply comes from brine extraction,
notably in South America. Niobium and Ta are also enriched
in many carbonatite bodies, and these represent the most
important sources of present Nb supply (Simandl et al. 2018).
Canada is the second largest global producer of Nb, but pales
in comparison to Brazil, which accounts for nearly 90% of
supply (Simandl et al. 2018; USGS sources).

In summary, if we exclude the major commodities included
on Canada’s critical mineral resources list (Al, Cu, Ni, Zn,
potash) and also U, only a few other entries are likely to be pri-
mary products (Fig. 4). These are Cr, Li, graphite and
fluorspar, although Mo and Nb may possibly have this status.
Manganese is in some cases the primary product from Mn-
enriched zones in larger iron ore deposits, but Mn extraction
would not generally be viable without the infrastructure related
to iron ore. The byproduct or coproduct status of many criti-
cal mineral resources holds significant implications for their
exploration and development.

CHALLENGES IN EXPLORING FOR AND DEVELOPING
NEW CRITICAL MINERAL RESOURCES

General Information
Strategies related to critical mineral resources from the Gov-
ernment of Canada (2022) and other jurisdictions all discuss

https://doi.org/10.12789/geocan;.2023.50.199



Andrew Kerr

Table 2. Primary products, byproducts and coproducts as applied to Canada’s critical minerals list. See also Figure 5 for visual rep-

resentation of these relationships.

Primary
Commodity

Commonly
Associated Commodities

Less Commonly
Associated Commodities

Comments and Qualifications

Cobalt (Co)
Zinc (Zn)
Selenium (Se)

Coppet (Cu) Molybdenum (Mo)
Tellurium (Te)

Rhenium (Re)

Gold (Au) Silver (Ag)
Nickel (INi) Cobalt (Co) Platinum (Pt)
Palladium (Pd)
Other PGE
(Ru, Rh, Ir, Os)
Zinc (Zn) Cadmium (Cd) Tin (Sn)
Indium (In) Gallium (Ga)
Germanium (Ge) Selenium (Se)
Telluriun (Te)
Lead (Pb) Bismuth (Bi) Tellurium (Te)
Antimony (Sb) Fluorite (Cak,)
Iron (Fe) Manganese (Mn) Scandium (Sc)
Vanadium (V)
Gold (Au) Various base-metals Silver (Ag)

(notably Cu) Tellurium (Te)
Arsenic (As)

Antimony (Sb)
Aluminum (Al)

Gallium (Ga) Vanadium (V)

Rare Farth Zirconium (Zr) Beryllium (Be)
Elements Niobium (Nb) Uranium (U)
(REE) Thotium (Th)

Lithium Tantalum (Ta) Cesium (Cs)

Niobium (Nb) Rubidium (Rb)

Mo, Re, Te and Au are commonly (but not
always) associated with porphyry-type settings,
but may not be recoverable. Cobalt is found
largely in sedimentary Cu deposits (Africa).

Cobalt is generally associated with deposits
that also show Cu enrichment. Pt is more
abundant in Ni-rich varieties compared to Pd
but some deposits essentially lack PGE.

Zn-rich sulphide deposits carry a wide
variety of associated minor elements but
their occurrence is hard to predict.

Other base metals, e.g. Zn and Cu also occur
sporadically in Pb-rich veins.

Vanadium only found in iron-ores of igneous
origin; Mn-rich zones are typically discrete.

Byproducts are rarely recovered from Au deposits,
aside from Ag, as their processing prioritizes Au
recovery and byproducts add little value.

Byproduct recovery is rare (and difficult).
Byproducts may be difficult to recover
without affecting REE recovery. Some

elements (U, Th) are problematic.

Spatial associations of Ta, Nb and Cs are
commonly hard to predict in pegmatites.

exploration to define new resources. Northern regions are
emphasized, because resource development has long been
seen as a route to economic growth (e.g. Sherlock et al. 2003).
Broader mineral strategies for Nunavut and the Northwest
Territories (NWT) stress the economic impacts of mineral
production and the need to maximize benefits from develop-
ment (Government of Nunavut 2007; Government of North-
west Territories 2014). Government geoscience programs such
as the Targeted Geoscience Initiative and Geo-mapping for Energy and
Minerals by the Geological Survey of Canada provide mapping
and other information, to complement work by provincial and
territorial agencies. However, despite this widespread support
from government and industry, opinions on mining develop-
ments in the North remain polarized. Strong voices advocate
instead for a strategy of large-scale land conservation, reflect-
ed in draft land use plans, notably in the case of Nunavut
(Nunavut Planning Commission 2021) and the NWT (Gov-

http://www.geosciencecanada.ca

ernment of Northwest Territories 2022). Northern Canada is
known as prospective for world-class gold, base metal and iron
ore deposits but the information base for critical mineral
resources remains incomplete. There are also wider challenges
to the exploration and development of such resources, even in
areas with better infrastructure or more plentiful geoscience
data. Parts of the following discussion amplify points made
previously by Goodenough et al. (2018) and Simandl et al.
(2021, 2023) for the REE and other energy-related commodi-
ties, but the general considerations apply to all critical mineral
resources, with the exception of some major commodities
included on Canada’s list.

The Timescales of Innovation and Resource Develop-
ment

Critical minerals are widely labelled as “vizal resources for modern
technology”, or words to this effect. Predictive studies (e.g. World
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Figure 5. An illustration of the relationships between selected primary products or
product groups (Cu, Zn, Ni, Pb, Fe, REE and Li) and the associated byproducts or
coproducts, which include also some elements not presently ranked as critical. See
also Table 2, as not all relationships can be indicated in this manner. Simplified from
a more comprehensive graphic presented by Mudd et al. (2019).

Bank 2020; International Energy Agency 2022) build a persua-
sive narrative of unique attributes, immediate needs and strong
growth potential. However, this view does not always consider
order-of-magnitude contrasts in the timescales of technical
innovation and resource development.

As anyone beyond middle age knows, the pace of techno-
logical innovation is fast and bewildering. Such changes can
rapidly impact demands for commodities or change future
expectations. Successful material substitutions can suddenly
downgrade the importance of a given commodity, and
research may create new demands for another commodity that
may be hard to obtain. However, not all substitutions or inno-
vations prove commercially feasible, so such changes are
unpredictable. The timescale of technological innovation is
typically measured in years, but the timescale for development
of any mineral deposit (not including the preceding explo-
ration effort) typically involves decades. It took only 5 years to
advance Voisey’s Bay (Labrador) from a gossan to a world-
class Ni-Cu-Co discovery, but twice as long to finally break
ground at the site (Goldie 2005). Most industry analysts would
class Voisey’s Bay as a rapid success in the context of northern
development. Other discoveries took longer to develop, and
some never completed their journey. The Kiggavik uranium
deposit in Nunavut was first discovered over 30 years ago
(Fuchs and Hilger 1989) but remains undeveloped following
recent regulatory decisions. Development of Windy Craggy, a
world-class volcanogenic Cu-Co-Ag-Au deposit in a remote
area of British Columbia, was halted in 1993 following estab-
lishment of a provincial wilderness park. The present status of
cobalt as a critical mineral has led to calls for this decision to
be revisited (e.g. Downing and Van Nieuwenhuyse 2020) but
there are few precedents for this.

This contrast in timescales has important implications.
Established companies are hesitant to engage in any sudden
exploration rush for materials that may have unpredictable
futures. Those with greater capacity to apply expertise and
knowledge may understandably conclude that it is better to let

others take those risks. There is no obvious solution to this dis-
connect between timescales. Geoscience data that aid in explo-
ration will help, but most research emphasis remains towards
more familiar base metals and gold. The interval between
research and the availability of integrated data is also often
several years, which adds to the timescale contrasts. Industry
groups advocate for simpler permitting and assessment proce-
dures that could fast-track development (see Maloney et al.
2021 for many examples). Recent critical mineral resources
strategies (e.g. Government of Canada 2022) make reference
to this problem, and the wider idea of ‘one project, one assess-
ment’ but this is not easily achieved when there are multiple
stakeholders, each with defined rights. Such fast-tracking initia-
tives are seen in a different light by groups focused on large-
scale land conservation, which is a prominent theme in draft
land use plans for northern regions (e.g. Nunavut Planning
Commission 2021; Government of Northwest Territotries
2022). Land claims agreements with Indigenous peoples across
Canada include strong provisions for consultation and envi-
ronmental assessment. These principles are also strongly
emphasized in critical mineral resources strategies (e.g. Gov-
ernment of Canada 2022), so there is presently some inconsis-
tency in this area. It is unlikely that opposition to mining devel-
opments, and associated delays, will evaporate simply because
a commodity is now labelled as ‘critical’.

The Constraints of Small Markets

Huge amounts of raw materials are extracted every year to
support industrial society, but most of this represents a small
group of major commodities. We might think that we are well
into the Space Age, but the Iron Age is alive and well. Figure
6, based on a graphic used by Bloodworth (2019) with updated
data from Simandl et al. (2021) and USGS sources, illustrates
the gross global annual ‘balance of production’, excluding
energy minerals and construction materials.

Resource extraction is massively dominated by iron ore
(~84%) followed distantly by phosphate (~8%) extracted for
fertilizers (Fig, 6a). Among major commodities, Al, potash, Cr,
Cu, Mn and Zn collectively amount to just over 7% of annual
global extraction, or about 200 million tonnes. All other com-
modities, including most designated as critical mineral
resources, add up to only 1.2%, or around 35 million tonnes
(Fig. 6a). Figure 6b and 6c illustrate the total production of
most of these in 2020, but the total amounts of some (e.g. Ta,
In, PGE, Ga, Ge, and Sc) still cannot be shown on such a
scale. Excluding the major commodities that lack significant
supply risk (as discussed above) most of the entries on Cana-
da’s critical mineral resources list have global annual produc-
tion below 1 million tonnes, and many qualify as ‘specialty
materials’ (less than 0.25 Mt annually; Simandl et al. 2021,
2023).

The small absolute production of some well-known com-
modities (e.g. gold, and also PGE), is offset by extremely high
unit prices, but other small-volume commodities do not bene-
fit to the same extent. It is very difficult to constrain prices for
minor commodities, as these reflect longer term supply con-
tracts rather than spot prices on metal exchanges and are more

https://doi.org/10.12789/geocan;.2023.50.199



Total Production: 2.86 Billion Tonnes

Total Production: 35.2 Million Tonnes

Andrew Kerr

Total Production: 752,000 Tonnes

Cu (0.7%) —— Cr Al Others
Mn (0.64%) ISR (2.8%) Phosphate R RS
o / (8%) Barite Ti = c
Zn 75M Silica 0.26 Mt Sb o u
oaw A L 8 Mt e i 153 kt 140 kt 47 kt
Potash 0.3 Mt
(1.5%)
025 mt
Iron Ore (84%) " i T
Eliiorspar Pb 86 kt 84 kt 82 kt
7.6 Mt 4.4 Mt
I Ni
s, 25Mt _
Zr-1.4Mt - go7 me Nb Ag 1;3:“
Others I 78 kt 25 kt
CeCRallE) Graphite - 1AMt Mg -1 Mt o
A B C Au (3.2 kt)

Critical Mineral (Canada)

@ Listed as critical by Canada,
but not at obvious supply risk

Not defined as critical by Canada

Others: including Ta, In, Te, PGE, Ga, Ge, Sc

Figure 6. An illustration of global mineral resource production, based on a similar graphic used by Bloodworth (2019), with data from Simandl et al. (2021) and recent USGS
soutces for the same period. (A) major commodities, with global annual production greater than 12 million tonnes (Mt) (B) commodities with global annual production
between 0.25 Mt and 12 Mt, including some classed as critical minerals; (C) commodities with global annual production less than 0.25 Mt, which includes many entries on crit-

ical minerals lists.

volatile on short time scales. A plot of production versus price
estimates (Fig. 7a; data from Simandl et al. 2021 and USGS
sources) shows that these are negatively correlated but also
reveals considerable scatter. Crude estimates of total market
values are better appreciated from Figure 7b, which shows
them in order of increasing market size (i.e. value). This is a
very crude method of assessment, but it shows that the total
production values of most critical mineral resources are orders
of magnitude less than those of major commodities. The dif-
ficulty of assigning price estimates lends considerable uncer-
tainty to this, and different assumptions would likely alter the
ranking, but would have little impact on the orders-of-magni-
tude differences. Similarly, large proportional increases in the
production of minor commodities cannot erase such differ-
ences. Simandl et al. (2021) and Simandl (2023) also empha-
sized this point, and concluded that economies of scale, which
favour larger low-grade deposits with lower per-unit produc-
tion costs, generally will not apply. Simply defining a large
resource at an attractive grade cannot guarantee its develop-
ment, as any large-scale production would depress prices.
Developing smaller deposits is hampered by the higher ratio of
capital costs compared to total asset value, which increases the
unit cost of long-term production. Increased output from
already active deposits will generally be a more attractive
option, especially given the time and effort needed to negotiate
permitting and development. Simandl et al. (2021) discussed
specific examples and concluded that incentives or subsidies
may be important for successful development. These conclu-
sions seem to be well founded, although they may not always
apply where deposits have truly exceptional features. Critical
mineral resources strategies (e.g. Government of Canada 2022)

http://www.geosciencecanada.ca

do indeed make reference to incentives aimed at encouraging
development of domestic deposits or more efficient extraction
of desired commodities.

Absolute and Proportional Measures of Demand Growth
Analyses of future demand for critical minerals (World Bank
2020; International Energy Agency 2022) emphasize percent-
age growth over absolute quantities. This makes data easier to
comprehend but can also lead to misunderstanding. The World
Bank (2020) predicts that requirements for graphite, i and Co
could quadruple by 2050, and those for other critical minerals
(e.g. In, V and REE) could double by then. There are noted
uncertainties in such forecasts, related largely to the scale and
type of renewable energy infrastructure. But even if results
exceed assumptions, the annual global production of many
materials will remain small in absolute terms, and their market
values may not grow proportionally if prices decline. An addi-
tional complication is that some forecasts of proportional
demand growth express increased use of a commodity in the
energy sector, rather than increased use across all sectors. For
example, if demand for something from the energy sector is
predicted to double, this does not necessarily mean that the
total demand will double, because most commodities have
other important end uses. This distinction is not always
expressed clearly in graphs and tables.

Simandl et al. (2021) suggested that for new discoveries
only those with the highest grades and lowest production costs
will succeed in the long run. This is exactly what every explo-
rationist wants to find, but also the least likely outcome for
most exploration projects. Even if tonnage—grade statistics
seem ideal, some other challenges remain.
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Figure 7. Relationships between global production, estimated average prices and total size of markets, as crudely indicated by multiplying production and price. Data are
derived from Simandl et al. (2021) and recent USGS sources. Note that there is considerable uncertainty in assigning prices to many small-volume commodities, so these are
general indications only. (A) logarithmic plot of annual production and average price, showing a general (but poor) inverse correlation of these measures. (B) total market
values for commodities shown in ascending order from left to right, showing the orders-of-magnitude contrasts between major commodities and most of the commodities
presently listed as critical. Although different price assumptions would affect individual calculations and would likely change the ranking of some, these shifts would not be

significant in the bigger picture of contrasting markets.

Mineralogical and Metallurgical Complications

The chemical elements that dominate critical mineral resources
lists must be extracted from true minerals (i.e. natural inorgan-
ic compounds that contain them), but details vary by commod-
ity. For most major commodities, minerals of interest are sep-
arated from those of no value at the mining site (termed ben-
eficiation), and then processed elsewhere by smelting and
refining. Processing, smelting and refining are very energy-
intensive, especially for low-grade high-tonnage operations.
Every step in this process is influenced by the mineral assem-
blage, i.e. the nature, grain size, relative abundance and textural
associations of minerals. This will often determine the viability
of a deposit just as much as tonnage and grade. In a wider
sense, we often depend on supergene (near-surface) processes
to make some resources economically viable. For Al in bauxite,
and for Ni from laterite deposits, we basically rely on Mother
Nature to do most of the work over many thousands or mil-
lions of years.

For most major commodities, certain host minerals are
favoured, and only a few minerals represent feasible sources.
Sulphides are important for base metals because they are dense
(easily concentrated) and easily decomposed at low and high
temperatures, allowing supergene enrichment and ease of pro-
cessing. Oxide and hydroxide minerals host most iron, Mn and
Al resources and are also amenable to natural supergene
processes. Mineralogical factors for deposits of major com-
modities vary little, and adaptation of existing extraction tech-
nology is routine. Some of the commodities on critical mineral
resources lists are also like this. For example, molybdenite

(MoS,) is the most common host for Mo, and Cr comes almost
exclusively from the oxide mineral chromite (Fe,CrO,); both
are widely processed. There are also established processing
routes for Li from the silicate minerals spodumene (LiAISi,O)
and petalite (LLiAIS1,0,) found in pegmatite deposits. Graphite
processing is largely a matter of physical separation from asso-
ciated silicate minerals. However, textural features and grain or
flake size distributions are very important and the economic
feasibility of a graphite deposit is as much a function of met-
allurgy as grade (e.g. Mitchell and Deady 2021).

Many of the other critical mineral resources (e.g. Table 1)
have diverse and complex mineralogy. For example, the PGE
may substitute in common sulphide minerals such as pent-
landite and chalcopyrite, but can also form unusual sulphide,
sulphosalt and telluride minerals, or tiny metal alloy grains. In
most cases, the PGE are only actually extracted at the smelting
and refining stage, so their production is not necessarily linked
to the mine site or its host country. The REE occur in a seem-
ingly endless list of diverse minerals, including oxide, hydrox-
ide, phosphate, titanate, carbonate, fluorocarbonate and sili-
cate phases (e.g. Weng et al. 2015; Van Gosen et al. 2017
Goodenough et al. 2018). Many REE deposits, especially in
igneous rocks, contain several discrete REE-bearing minerals,
some of which may be rare or unique. For example, the large
Strange Lake deposit in Quebec and Labrador contains an
unusual Ca-Y-REE silicate known as gerenite, known from
only one other location in the world, but its REE inventory
also includes other unusual minerals (e.g. Kerr 2011; Dostal
2016). Other REE deposits in Canada, such as Kipawa (Que-
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bec) and Nechalacho (NWT) also have great mineralogical
diversity (Currie and van Breemen 19906; Bakker et al. 2011).
Extraction of REE from such varied minerals may be possible
at a laboratory scale, but large-scale commercial feasibility is
another matter.

The potential for REE deposits in Canada, especially in the
Precambrian Shield, is well documented, and significant
resources are defined. However, after decades of exploration,
the only Canadian REE production comes from a small high-
grade pod within the larger Nechalacho deposit (NWT). This
limited area contains the REE-bearing carbonate bastnaesite
(essentially [REE]CO,F), which is easily processed. Deposits
such as Strange Lake or the main Nechalacho deposit appear
promising in terms of total resources (Kerr 2011; Bakker et al.
2011), but development, extraction and processing are not
simple. Another complication related to REE is the extreme
concentration of refining capacity in China. A small REE
refinery facility now operating in Saskatchewan is an important
factor in the viability of current small-scale production in the
NWT (Connelly 2021, see also Vital Metals, https://vitalmet-
als.com/). Goodenough et al. (2018) noted that the industry
‘demand profile’ for REE closely matches the REE distribu-
tion of clay-rich surficial weathering deposits that currently
account for much of Chinese (i.c. global) production. These
deposits are another example of how we rely on very slow nat-
ural processes to initially process valuable minerals for our use.

Other materials contained in Canada’s critical mineral
resources list have specific mineralogical or metallurgical com-
plications that relate to their coproduct or byproduct status.
These affect Co, Sc, Cs and also elements linked to photovolta-
ic technology (Ga, Ge, Te, In). Cobalt typically occurs in low
concentrations (< 0.3%) in magmatic Ni-Cu sulphide ores.
Like the PGE, it is commonly extracted during smelting, rather
than at mine sites. The photovoltaic elements (Ga, Ge, In, Te)
are typically closely associated with common sulphide minerals
as tiny discrete mineral inclusions or in solid solution, so the
same constraints apply.

The Separation of Mine Production and Metal Extraction
As discussed above, many rarer elements are extracted during
smelting and refining, rather than being concentrated at min-
ing sites. Mineral concentrates have long been transported
within Canada for smelting, but shipment distances are now
greater and destinations atre international. Smelting and refin-
ing capacity has also shifted away from Europe and North
America over time, notably to Asia. The remaining smelting
operations in Europe and North America are increasingly
scrutinized for their environmental and human health impacts.
Smelters are not generally seen as desirable neighbours by
communities, but they are important for many of these com-
modities.

Outsourcing smelting and refining beyond Canada will
effectively result in the loss of potentially valuable domestic
resources of byproduct elements because concentrates from
multiple sources are mixed, and some of these elements may
not even be recovered. Maintaining or expanding existing
domestic smelting and refining capacity is the most obvious
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solution, but such an effort would probably encounter opposi-
tion in most developed western countries, including Canada.
Critical mineral resource strategies note this challenge, and
financial assistance and incentives were important in establish-
ing the REE refinery that aids in the exploitation of high-
grade material from Nechalacho (Connelly 2021; Vital Metals,
https://vitalmetals.com/). There is also an important geo-
science question involved in this because there is presently lim-
ited information about the trace elements contained in ores of
Cu, Pb or Zn distributed across Canada, especially for explo-
ration-stage projects that might represent future production.
These data were of limited interest in the past, but now assume
greater importance.

The Climate Impacts of Critical Minerals Extraction

The connection between mineral resources and limiting cli-
mate change is by far the strongest theme in discussion of crit-
ical mineral resources. Mining for Clean Energy (Clean Energy
Canada 2017) is just one of many documents that present this
reasoning. If so-called climate-smart mining is to be validated
and (more importantly) gain public acceptance, the emissions
of increased extraction and processing need to be closely
audited. This includes those associated with starting a mine
and also the final stages of mineral resource developments
(closure, rehabilitation, etc.). The studies by the World Bank
(2020) and International Energy Agency (2022) concluded that
associated emissions footprint would be only a small fraction
of those from continued extraction and usage of fossil fuels.
Such assessments always generate discussion about figures and
exactly what is included or excluded, but this general premise
seems sound.

The extraction and processing of mineral resources makes
a significant contribution to CO, emissions, from 4 to 7% of
global emissions and perhaps as much as 11%, depending on
what is included (World Bank 2020). The crushing and grind-
ing of raw materials are a big part of the energy budget for
typical operations, especially for large-tonnage, low-grade
deposits. Energy usage per unit of production has probably
grown over time and will likely continue to do so. New or
expanded operations will obviously benefit if their emissions
footprint is low and (or) if they employ the same technology
that extracted resources are claimed to support. It is suggested
by some that assessment of resource developments in the 21s
century must involve a much wider analysis where lifetime
energy and environmental footprints are considered as much
as tonnage, grade and metallurgy (e.g. Lee et al. 2020; Pell et al.
2021). This departs from conventional thinking, which empha-
sizes short-term economics, and such an approach will proba-
bly be seen as idealistic or at least unrealistic by the minerals
industry. Nevertheless, questions about energy usage and emis-
sions are bound to enter future debates concerning critical
mineral resources.

In more remote parts of Canada where minerals are
extracted, links to existing energy transmission networks are
not feasible. Diesel power generation is the norm for many
mines unless local hydroelectric potential exists. However, only
larger developments could sustain the high costs of the latter,
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which is not entirely free of environmental consequences.
Finding feasible renewable energy sources in northern regions
with seasonal darkness is likely to provide challenges. Partially
wind-based energy systems already exist, such as the hybrid
wind-diesel system at the Diavik Mine in the NWT (Romero et
al. 2016; Clean Energy Canada 2017), but wind cannot alone
powet a mine on a 24/7 basis. The use of modular nuclear
reactors as power sources for remote mining was explored in a
recent discussion paper (Government of Canada 2021) and
was also assessed by Froese et al. (2020) but there is as yet no
clear demonstration of feasibility and no regulatory frame-
work. Ironically, the very regions of northern Canada that are
generally identified in strategy documents as having the great-
est future critical mineral resources potential are also those that
will most challenge low-carbon energy technology.

Critical Mineral Resources and the Concept of a ‘Just
Transition’
In this article, the energy transition is discussed mostly from
the perspective of natural resources development, where it is
viewed in a generally positive light. However, this view is not
shared by all, and advocates of environmental protection con-
cerned with global inequity see it through a different lens.
There are thus calls that any future energy transition must also
be a just transition’. This term has multiple definitions, but a
common theme is that nations with minimal historical carbon
footprints (i.e. most of the Global South) are disproportionally
affected by climate change and so should not pay a retroactive
price for continued consumption and emissions by industrial-
ized nations (the Global North). A related consideration is that
benefits from any future ‘green’ economy should be more
equally shared. There is some fear that the rush to develop crit-
ical mineral resources will result in rapid development and
extraction from lower income countries that cannot maintain
environmental standards, resulting in additional ecosystem
damage. This outcome is not emphasized in documents advo-
cating ‘climate-smart mining’ conducted with strict environ-
mental standards, but it is certainly possible, and some think it
very probable (e.g. Environmental Justice Atlas and Mining-
Watch Canada n.d.). This particular challenge is the most diffi-
cult to discuss because it is more ideological than technical.
The counterargument to the premise that increased mineral
extraction is needed to limit climate change is that any energy
transition should instead prioritize sustained reductions in
energy and material usage, particularly in the developed indus-
trial nations. This is linked to calls for a fully circular economy,
in which recycling and reuse are emphasized. This view
diverges from that of industry and most governments, which
acknowledge the need for better use of existing resources but
seck ways to maintain our energy-intensive society yet at the
same time avoid consequences of emissions. There is an obvi-
ous philosophical divergence here, and the pages of Geoscience
Canada are not the place for a lengthy discussion. When I start-
ed to write this article, I did not expect to include a quote from
MiningWatch Canada, who stand firmly on one side of this
divide. However, their short discourse entitled Mining for the
Energy Transition in the Americas (Environmental Justice Atlas

and MiningWatch Canada n.d.) includes a thought-provoking

statement:

“A transition that heavily depends on mining new materials with-
out considering materials and energy for what, for whom and at
what socio-environmental costs will only reinforce the injustices
and unsustainability that have led us to the climate crisis in the
[frst place. Improved efficiency and recycling of materials are nec-
essary components in the transition, but these strategies alone will
not address the growing demand for these materials. Significant
reductions in material and energy consumiption, particularly in the
Global North, are a key component to a just transition.”

This is a quote, and not necessarily my opinion, but it raises
interesting points. A lengthier analysis from the same organi-
zation outlines this perspective in more detail (Deniau et al.
2021). These agree with the World Bank (2020) and the IEA
(International Energy Agency 2022) that recycling alone can-
not yet meet expected demands. The same World Bank study
also stated that mining related to the energy transition could
provide:

“..new economic benefits to resonrce-rich but poor countries that
also hold significant solar energy potential to use in production”
and “....contribute to efforts to combat climate change”.

This seems to imply that mineral resources needed for the
energy transition should indeed be, in part, outsourced as a
form of economic development. Canada’s critical mineral
resources strategy (Government of Canada 2022) similatly
frames one of its purposes as reconciliation with Indigenous
peoples by their participation in related economic develop-
ment. This reads very much like the same concept, although
admittedly within one nation. In the resource industries, we
tend to interpret historical aspects of the mining industry as
part of nation-building, in the broad sense of the word, but
other treatments (e.g. Sandlos and Keeling 2021; Angus 2022)
offer different interpretations. These aspects also lie well
beyond the scope of this article, but their emergence in future
discussions about critical mineral resources should be antici-
pated. They are already illustrated by some of the responses to
the initial draft that preceded the release of the current Cana-
dian strategy document late in 2022, by the Wildlife Conserva-
tion Society Canada (2022) and also by the International Coun-
cil on Mining and Metals (2022) which is an industry-led
group. These submissions, and others, emphasized the need to
ensure a just transition. A recent article in the online journal
The Narwhal (Struzik 2023) explores these issues in the specific
context of Arctic Canada.

The point here is not one of a specific interpretation or
world view being right or wrong, but rather that efforts to
develop resources for the much-heralded energy transition will
inevitably be discussed and judged within this concept of a just
transition. This would certainly be the case if such develop-
ments are across the world in low-income countries, but very
similar reasoning can be applied within Canada, where north-
ern regions are economically disadvantaged, disproportionally
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affected by climate change and view much of their history in
terms of sustained exploitation and injustice. We should be
fully prepared for these less-tangible issues to become promi-
nent in northern Canada wherever new resource developments
are promoted as a vital part of the energy transition. Current
strategies place great emphasis on sustainability and environ-
mental protection, and more widely frame such efforts as part
of reconciliation with Indigenous peoples and community
development, but not all stakeholders will be convinced of
such links. This is one of several challenges recently noted in
a recent commentary by Tortell et al. (2023) on behalf of the
Institute for Research on Public Policy, an independent Canadian
research group.

SUMMARY AND DISCUSSION

Writing this article proved to be far more difficult than I ever
expected at the outset. The topic of critical mineral resources
is extraordinarily broad and does not only involve technical
information. It inevitably spills over into politics, economics
and divergent philosophical views about natural resources,
which become hard to separate from geoscience in any discus-
sion.

Canada’s “storehouse of critical minerals”, as it is often
termed, still remains to be fully defined in detail. The modified
definition that includes some major commodities that most
other jurisdictions exclude supports such statements because
we do indeed hold significant reserves and resources of Cu,
Zn, potash, Ni and U. However, the inventory is less clear for
many other commodities on Canada’s critical mineral
resources list, although significant resources of the REE are
already defined. Northern Canada is widely regarded by the
minerals industry as an underexplored region of significant
potential, as shown by its important and diverse mineral
deposits. It is equally well known as one of the largest remain-
ing intact wilderness areas in the Northern Hemisphere, and as
one of the Earth’s great reservoirs of carbon storage. Devel-
oping mineral resources in this setting in the past was never
simple, and it left some difficult environmental and social lega-
cies. On the other hand, resource development provides
important economic benefits and it employs many people in
the North. Critical mineral resources may unlock this potential
more in decades to come, as envisaged in various government
strategies, but elements of past and present controversies will
not disappear simply because a resource is designated ‘critical’.

It is no surprise that the World Bank (2020) and the Inter-
national Energy Agency (2022) concluded that the 21+ century
will see increased demand for familiar mineral resources and
unconventional resources that have experienced relatively
minor exploration interest in the past. The conclusions from
the World Bank (2020) and the IEA (2022) seem well founded
and in many respects represent common sense, given current
per-capita resource consumption, growing populations, and
increasing urbanization. The deployment of material-intensive
renewable energy and electrification infrastructure will surely
add to and change these demands, even if the exact details are
hard to forecast. Finding these materials is one task in this
greater challenge, but perhaps the easier part, as significant
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global resources already exist for most of them, even if
presently defined reserves for some might seem sufficient for
only a few decades (e.g. Simandl et al. 2021). The greater part
of the challenge will be to extract and process such mineral
resources without excessive ecosystem damage or increases in
associated emissions, and also to gain acceptance for such
increased activity.

I hope that this article illustrates that although many basic
concepts around critical mineral resources seem straightfor-
ward, some aspects remain pootly defined, and the discussion
becomes more complex and tangled when Canada’s geography,
history and geopolitics are considered. Some may consider
parts of this article to have a discouraging tone, but I resist
such judgment. It is intended to inform those without detailed
geoscience knowledge but must also acknowledge some chal-
lenges that are beyond our control and others that are rooted
in institutions and governance structures. If the energy transi-
tion is to unfold as envisioned, with Canada assuming a promi-
nent role in supplying vital resources, and enjoying related eco-
nomic benefits, these many linked challenges need to be recog-
nized and addressed. The need for better geoscientific knowl-
edge is an important part of this. Such information will better
define the regional potential for specific commodities and
assist future decisions about targets. Nevertheless, geoscience
is only one part of this equation, as more significant challenges
are linked to politics and jutisdiction. Critical mineral resources
strategies so far released emphasize long-established policies
for environmental protection, land conservation and recogni-
tion of Indigenous rights. These guiding principles are stressed
in their pages just as much as the perceived need to expedite
development pipelines and give proponents more confidence
in successful outcomes. There is no overt conflict in this, but
responses to initial strategy discussions (e.g. Wildlife Conser-
vation Society Canada 2022; Kneen 2022; International Coun-
cil on Mining and Metals 2022) imply that contradictions can
be read between their lines. Strong provisions for impacts and
benefits agreements and environmental assessment all across
the North were not easily achieved and are highly valued.
Although present geoscience data are incomplete, it is clear
that many areas perceived as having significant potential for
future critical mineral resources are already covered by such
frameworks or await their formal definition. Land use plans for
Nunatsiavut (Labrador), Nunavut and the NWT have yet to be
finalized, despite years of discussion, but the drafts for all
emphasize extensive protected areas where mineral explo-
ration and mining would essentially be prohibited. Ambitious
land conservation targets were also an important outcome of
the recent UN Biodiversity Conference COP15 in Montreal
aimed at protecting nature and biodiversity. If Canada’s com-
mitment to these initiatives is to be met, the extent of protect-
ed areas will need to at least double in coming decades. If dif-
ficult choices about lands are to be made in the years ahead, it
is important to do so in the light of geoscientific information
and systematic evaluation of mineral potential.

Canada is blessed with large tracts of underexplored Pre-
cambrian crust across much of its north, and global analogues
suggest potential for a wide range of critical mineral resources.
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Despite this broad perception, our geoscience knowledge
remains incomplete, especially in the far north, where explo-
ration over the last two decades focused largely on gold and
diamonds. Aside from the REE, for which several significant
but so far undeveloped concentrations are defined, we have
limited information for many entries on the critical mineral
resources list. Regional geological mapping and dissemination
of broad-based geoscience data need to be emphasized for
many regions that are labelled as “highly prospective” but in
reality are pootly known. Some of these include defined base
metal and gold deposits, so this provides some baseline infor-
mation. However, some commodities (e.g. graphite and Li) are
more likely to occur in plutonic rocks or high-grade metamor-
phic terranes that previously received less attention. The ‘high
science’ aspects of economic geology research, such as theo-
ries of deposit genesis, detailed classifications, or links to plate
tectonic evolution models may be useful in the long term (and
they are certainly very interesting) but the greater short-term
need is for descriptive, tangible, measured data that can assist
exploration. For many areas, surficial exploration programs
using geochemical or indicator mineral methods may be the
first priority given the prevalence of thick glacial deposits. The
mineralogical complexity of some critical minerals deposit
types suggests that these aspects should also be stressed in
examination of known mineralization. The success or failure
of a project may ultimately rest with these parameters, rather
than just its tonnage and grade. This technical knowledge side
of the equation can be addressed, although the investment is
large and will critically depend on finding highly qualified pro-
fessionals, especially for field-based research. The latter is
already known as a significant challenge for the mineral explo-
ration sectof.

New information and discussions concerning critical min-
eral resources appear constantly. When this article was in final
revision for publication, the IEA released its first ‘progress
report’ (International Energy Agency 2023) on global efforts
to increase production and diversify supplies of key commodi-
ties. Some key points from their analysis are relevant to this
discussion. The IEA reports that strong growth in deployment
of clean energy technology since 2017 increased demand for
Li, Co and Ni, and the total markets for these and other com-
modities grew significantly. Policy initiatives that seck to diver-
sify supplies of critical minerals in industrialized countries
were widely developed, of which Canada’s strategy is just one
example. However, over the same period many resoutrce-rich
countries introduced measures intended to restrict exports of
such materials. Investment in development of and exploration
for critical mineral resources grew by 30% and 20% respective-
ly in 2022 alone, which illustrates strong interest in the sector
and confidence in its future. The IEA expressed confidence
that projected supplies could meet global demands to around
2030, but still predicts significant supply constraints in later
decades. The efforts to diversify supplies over the last five
years were judged to have had limited real-world success and,
in some cases, the geographical concentration of supply (and
processing capacity) actually worsened. The IEA’s verdict on
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progress towards sustainable and environmentally responsible
extraction of materials is similarly mixed, noting increased
water usage and little change in associated emissions. It was
also noted that China (already the principal source for many
commodities) continues to invest heavily in secuting supplies
from elsewhere for its own import needs. For example, this
investment in global Li projects since 2018 was twice as much
as that from the USA, Canada and Australia combined. Over-
all, the new IEA report shows that critical mineral resources
will retain a high profile in years to come and will likely contin-
ue to generate controversy. The need to address such chal-
lenges is presumably behind the IEA’ initiative to hold the
tirst-ever International Summit on Critical Minerals, projected for
September 2023; see https://www.iea.otrg/events/iea-critical-
minerals-and-clean-energy-summit for more details.

It is always easier to point out complications and obstacles
than to formulate solutions, and I accept criticism of this arti-
cle in such light. The questions raised in it, and in other spe-
cialized treatments such as the new IEA report, do not have
simple answers, but hopefully practical and equitable solutions
will be found. In closing, successfully meeting the mineral
resource requirements of any successful and sustainable ener-
gy transition in Canada (or elsewhere) will require a great deal
of reconciliation, but in its broadest possible sense, which is
one of balance. I hope that this article might in some way
assist in finding ways to overcome the challenges to what may
be one of the most important tasks ever undertaken by the
mineral resources industry.
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Introduction

The 2023 Joint Annual Meeting of the Geological Association
of Canada, Mineralogical Association of Canada, and Society
for Geology Applied to Ore Deposits was hosted by the Har-
quail School of Earth Sciences at Laurentian University in
Sudbury on 24-27 May 2023 with pre- and post-meeting ficld
trips and workshops.

Sudbury is one of the world’s largest, oldest, and best-
exposed meteorite impact sites; it contains some of the largest
Ni-Cu-PGE deposits on Earth and is the world’s largest min-
eral exploration — mining — service cluster; it straddles the
boundaties between Archean igneous/metamorphic rocks of
the Superior Province, volcanic/sedimentary/glaciogenic
rocks of the Huronian Supergroup, and Paleozoic platform
carbonate deposits; and it is only a few hours drive from some
of the world’s best-preserved Archean geology and largest Cu-
Zn-(Au) massive sulphide and orogenic Au deposits.

The theme of the meeting was Discovering Ancient to Modern
Earth, reflecting the location of Sudbury at the intersection of
the Archean and Proterozoic provinces, and Paleozoic—Qua-
ternary cover sequences. The meeting was attended by 712 par-
ticipants (68 of whom participated virtually) from all
provinces and territories of Canada, 18 American states, and
13 other countries. There were 337 oral presentations and 102
poster presentations in 7 Plenary Lectures, 5 Symposia, 21
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Special Sessions, and 7 General Sessions, as well as 7 Field
Trips, 2 Workshops, and 1 Short Course, covering a broad
spectrum of geoscience disciplines. There were 20 exhibitors;
panel discussions on Indigneous Relations, Women in Geo-
sciences, and the Canadian Arctic; a public outreach event on
Mineral Identification; and tours of the Ontario Geoscience
Laboratories and Environmental Geology of the Laurentian
University campus.

The Schedule and Program remain accessible to the public
and the Abstracts and some presentations/postets tremain
accessible to registrants at http://event.fourwaves.com/Sud-
bury2023.

The Local Organizing Committee is very grateful to all of
those who proposed, organized, and chaired the technical ses-
sions, organized and led the field trips, and organized and
delivered the workshops and short course; to Julie Ceming
(Business Development), Bill Sanders (Audio Visual), Marie-
Lynne Michaud, Lynn Laird, and JoAnn Wohlberg (Market-
ing), Jameson Fletcher (Printing Services), Luc Roy and Dan
Robidoux (IT Services), and Pedro Jugo and Roxane Mches
(Harquail School of Earth Sciences) of Laurentian University
for their capable and enthusiastic assistance; to Deanne van
Rooyen, Alwynne Beaudoin, and Karen Dawe (GAC), Johanne
Caron, Dan Marshall, and Andrew Conly (MAC), and Garth
Graham and Georges Beaudoin (SGA) for their support and
counsel; to all of the many Financial Sponsors; and, of course,
to all of those who attended the meeting, field trips, work-
shops, and short course.

The abstracts preserved in this volume record the state-of-
the-art in our continuing quest to understand Ancient to Modern
Earth.

Sudbury 2023 Local Organizing Committee

Michael Lesher, chair

Stéphane Perrouty, vice-chair and webmaster

Douglas Tinkham, vice-chair and audiovisual coordinator
Cathryn Nadjiwon, event manager

Bruno Lafrance, Evan Hastie, and Riley Mulligan, field trips
Noélle Shriver, exhibits and posters

Tobias Roth and Lynn Bulloch, social media

Olga Brinkman, guest program

Introduction

La conférence annuelle conjointe de 2023 de I’Association
Géologique du Canada, de I’Association Minéralogique du

© 2023 GAC/AGC®
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Canada et de la Société de Géologie Appliquée aux Gisements
Minéraux fut accueillie par ’Ecole des Sciences de la Terre
Harquail a 'Université Laurentienne de Sudbury du 24 au 27
mai 2023 avec des excursions sur le terrain et des ateliers pré-
et post-conférence.

Sudbury est 'un des sites d’impact de météorites les plus
grands, les plus anciens et les mieux exposés au monde; il
contient certains des plus grands gisements de Ni-Cu-EGP sur
Terre et constitue le plus grand pole de services d’exploration
et d’exploitation miniére - au monde ; il chevauche les fron-
tieres entre les roches ignées/métamorphiques archéennes de
la Province du Supétieur, les roches volcaniques/sédimen-
taires/glaciaites du Supergroupe de 'Hutronien et les gise-
ments de carbonates de la plate-forme paléozoique; et il n’est
qua quelques heures de route de certaines des géologies
archéennes les mieux préservées au monde et des plus grands
gisements de sulphures massifs a Cu-Zn-(Au) et d’Au orogé-
nique.

Le theme de la conférence était Découvrir la Terre Ancienne a
Moderne, reflétant emplacement de Sudbury a lintersection
des provinces archéennes et protérozoiques et des séquences
de couverture paléozoique-quaternaire. La conférence a réuni
712 participants (dont 68 ont participé virtuellement) de toutes
les provinces et territoires du Canada, 18 états américains et 13
autres pays. Il y a eu 337 présentations orales et 102 présenta-
tions par affiches dans 7 conférences plénicres, 5 symposiums,
21 sessions spéciales et 7 sessions générales, ainsi que 7 excut-
sions sur le terrain, 2 ateliers et 1 cours intensif, couvrant un
large éventail de disciplines géoscientifiques. Il y avait 20 expo-
sants; des tables rondes sur les Relations Autochtones, les
Femmes en Géosciences, et ’Arctique Canadien ; un événe-
ment de sensibilisation du public sur I'ldentification des Miné-
raux; et des visites des Laboratoires Géoscientifiques de 'On-
tario et de Géologie Environnementale du campus de I'Univer-
sité Laurentienne.

MINERALOGICAL

ASSOCIATION OF CANADA

ASSOCIATION

MINERALOGIQUE DU CANADA

http://www.geosciencecanada.ca
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Le calendrier et le programme restent accessibles au public,
et les résumés et certaines présentations et affiches restent
accessibles aux participants sur https://event.fourwaves.com/
fr/Sudbury2023/pages.

Le comité d’organisation local est tres reconnaissant a tous
ceux qui ont proposé, organisé¢ et présidé les sessions tech-
niques, organisé et dirigé les excursions sur le terrain, et orga-
nisé et animé les ateliers et le cours intensif; a Julie Ceming
(développement commercial), Bill Sanders (audio-visuel),
Marie-Lynne Michaud, Lynn Laird et JoAnn Wohlberg (marke-
ting), Jameson Fletcher (services d’impression), Luc Roy et
Dan Robidoux (services informatiques), et Pedro Jugo et
Roxane Mehes (Harquail School of Earth Sciences) de I'Uni-
versité Laurentienne pour leur aide compétente et enthousias-
te; 2 Deanne van Rooyen, Alwynne Beaudoin et Karen Dawe
(AGC), Johanne Caron, Dan Marshall et Andrew Conly
(AMC) et Garth Graham et Georges Beaudoin (SGA) pour
leur soutien et leurs conseils; a tous les nombreux sponsors
financiers, et, bien sar, a tous ceux qui ont assisté a 'assemblée,
aux excursions sur le terrain, aux ateliers et au cours intensif.

Les résumés conservés dans ce volume capturent I’état des
connaissances de pointe dans notre quéte continue pour com-
prendre la Terre Ancienne @ Moderne.

Le Comité d’Organisation Local de Sudbury 2023

Michael Lesher, président

Stéphane Perrouty, vice-président et webmestre

Douglas Tinkham, vice-président et coordonnateur
audiovisuel

Cathryn Nadjiwon, gestionnaire d’événements

Bruno Lafrance, Evan Hastie et Riley Mulligan, excursions de
terrain

Noélle Shriver, expositions et affiches

Tobias Roth et Lynn Bulloch, médias sociaux

Olga Brinkman, programme d’invité(e)s
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ROLE OF LATE TRANSVERSE FAULTS IN GOLD MINERALIZATION IN
THE SUPERIOR PROVINCE: A CASE STUDY FROM THE
MASKINONGE LAKE FAULT, MICHIPICOTEN GREENSTONE BELT,
ONTARIO

Zachary Adam!, Shoufa Lin!, Chris Yakymchuk!, Carl Nagy?
University of Waterloo, 2Alamos Gold.
E-mail: svadan@uwaterloo.ca

Orogenic gold deposits in the Superior Province are characteristically hosted in
Archean greenstone belts and are fundamentally controlled by their structural envi-
ronment. The majority of these deposits are recognized as syn-tectonic with the for-
mation of the Superior Province between 2.8-2.6 Ga and are strongly controlled by
east-west-striking shear zones. The Island Gold deposit, hosted in the Goudreau
Lake Deformation Zone of the Michipicoten greenstone belt, is consistent with this
genetic model. Gold deposits occurring in transverse faults at a high angle to these
major shear zones have been observed but overlooked in exploration frameworks in
the past and as such, the genesis and timing of these deposits are poorly understood.
The Maskinonge Lake fault, a late northwest-trending brittle-ductile structure east
of the Island Gold deposit, is one of these transverse structures and is populated
with zones of high-grade mineralization along its strike. The historic Pine-Breccia
gold showing along this fault encompasses 2750-2700 Ma metavolcanic rocks that
have undergone pervasive silica alteration. This silicification is structurally associated
with the fault and hosts the majority of gold mineralization, suggesting that the
Maskinonge Lake fault was a potential conduit for gold-bearing hydrothermal fluids.
Results of detailed outcrop-scale mapping and structural analyses have led to the
recognition of two distinct stages of deformation with opposing sense of shear
along a steeply dipping fault plane in a dominantly strike-slip regime. Sinistral move-
ment is documented predominantly by the substantial displacement of stratigraphy
and vein array analysis whereas dextral motion is identified by the rotation and duc-
tile drag of felsic dykes and regional ENE-striking shear zones towards a NNW-SSE
orientation. The coincidence of fluid infiltration with these events coupled with
constraints on mineralization provide more insights into the significance of these
structures on a local scale, and the results of this study may be used to aid in future
exploration around similar structures that are at a high angle to major east-west shear
zones in the Superior Province.

VOLCANIC STRATIGRAPHY AND HYDROTHERMAL ALTERATION AT
THE PALEOPROTEROZOIC KAY MINE VOLCANOGENIC MASSIVE
SULPHIDE DEPOSIT, BLACK CANYON CITY, ARIZONA, USA

Aaron J. Adsit!, Thomas Moneckel, Mark D. Hannington?2,
Miranda R. Lehman!, Ben Somps3, David Smith*
1Colorado School of Mines, 2University of Ottawa, *Ethos Geological,
4Arizona Metals Corporation.

E-mail: aadsif@mines.edu

The Kay Mine, located ~70 km north of Phoenix in central Arizona, is a vol-
canogenic massive sulphide deposit that contains a historic estimate of resources
and reserves of 5.8 million tonnes grading 2.2% Cu, 3.03% Zn, 54.9 g/t Ag, and 2.8
g/t Auat a cut-off grade of 2% Cu equivalent. The Kay Mine is hosted by the highly
prospective 1.79—1.76 Ga bimodal volcaniclastic Townsend Butte Formation of the
Black Canyon Creek Group, which forms part of the Proterozoic Yavapai Super-
group. The bimodal host succession of the Kay Mine has been overprinted by

greenschist-facies metamorphism and been isoclinally folded. Primary volcanic tex-
tures are pootly preserved due to footwall and hanging wall hydrothermal alteration
and effects of high-strain deformation. Detailed core logging revealed that the lower
part of the volcanic succession is composed of fine-grained mafic-intermediate vol-
caniclastic rocks. The favourable interval at the Kay Mine is marked by graphitic
mudstone that occurs immediately below coherent to brecciated rhyolite or rhyo-
dacite. Contacts between felsic to intermediate flows and intrusions with the mud-
stone are commonly marked by the occurrence of mudstone-matrix monomict rhy-
olite or rhyodacite breccia, interpreted to be peperite. Textural evidence suggests
that the massive sulphides at the Kay Mine may have largely formed by subsea-floor
infiltration and replacement. The stratigraphic hanging wall to the massive sulphides
is dominated by mafic-intermediate volcaniclastic rocks and basalt that forms mas-
sive or pillowed flows. The main massive sulphide lens at the Kay Mine is underlain
by a zone of intense chlorite alteration that is accompanied by chalcopyrite stringers.
Hanging wall alteration includes widespread gray sericite alteration. Dolomite and
ankerite are abundant throughout the alteration halo and occur as nodular masses
with semi-massive and massive sulphides. Selected drill core is analyzed to establish
the chemostratigraphy of host rock succession and to unravel geochemical and min-
eralogical gradients around the massive sulphides that could be used for future
exploration targeting. This includes continuous X-ray fluorescence analysis using a
fully automated Minalyze core scanner and short-wave infrared imaging employing
a Hyspex laboratory core scanner. Recent software developments allow acquisition
of fully co-registered geochemical and mineralogical data on the core to comple-
ment more traditional analytical methods on thin sections including optical and
scanning electron microscopy.

METAL IMMOBILIZATION IN SECONDARY CEMENTS AT A HISTORIC
GOLD MINE

Sana Ahmad, Jenine McCutcheon
University of Watetloo.
E-mail: s76abmad@uwaterloo.ca

The production of acid mine drainage (AMD) by acidophilic microorganisms is an
environmental concern at many of the > 10,000 abandoned mine sites in Canada.
While some sites have been targeted by past remediation efforts, others have been
left untreated and continue to produce AMD long after mining activities have
ceased. One such site is the Cordova Gold Mine, located near Peterborough, ON,
which has been abandoned for several decades and contains numerous tailing piles
still actively generating AMD. Mine sites with AMD contamination often have hard-
pan formation occurring adjacent to the tailing piles. Previous studies suggest that
these hardpans may have formed as a result of microbial mineralization processes in
which microbes encourage the precipitation of secondary mineral phases through
their metabolic activity. This study examines how microbial weathering of minerals
in tailings impacts metal mobilization, and the extent to which microbes are con-
tributing to the immobilization of dissolved metals through secondary mineral pre-
cipitation in hardpans. Samples collected from the site included tailings from four
depth profiles, hardpans, and surface waters. Tailings mineralogy will be determined
using X-ray diffraction (XRD) and linked to the microbial communities present in
the tailings as determined using 16S tfRNA sequencing. Hardpan samples will be
characterized using XRD, and petrography and back-scattered electron scanning
electron microscopy (BSE-SEM) of polished thin sections to identify the presence
of microfossils and their association with metals. Ion chromatography (IC) and
inductively coupled plasma optical emission spectroscopy (ICP-OES) will be used to

https://doi.otg/10.12789/geocan;.2023.50.200



108

measure the concentration of dissolved ions in the surface water samples. X-ray flu-
orescence (XRF) analysis of the tailings identified transition metals including Ca,
Mg, Na, etc., and it is anticipated that the hardpan mineralization will be enriched in
these same metals immobilized by microbial activity (both past and present). Lastly,
studies conducted at similar sites found that the hardpans were cemented by iron
oxide minerals. As such, it is expected that iron oxidizing bacteria (e.g.
Acidithiobacillus ferrooxidans) will be found within the Cordova tailings and hard-
pans. Collectively, this study will provide information about microbial weathering of
tailing minerals and associated transition metal immobilization in secondary
cements. These findings inform how microbes could be used to reduce the impact
of dissolved metals in mining environments and help characterize historic sites that
may experience renewed interest due to increasing demands for metals for use in low
carbon technologies.

RELEVANCE OF AQUEOUS THIOLATED ARSENIC IN MINE WASTE
SYSTEMS

Jaabir D. Ali!, Adriana Guatame-Garcial, Matthew I. Leybournel,
Anna L. Harrison2, Bas Vriens!
1Queen’s University, 2University of Bern.
E-mail: 20jda@gqueensn.ca

The biogeochemical cycling and mobility of arsenic (As) in wetlands, groundwater,
and hydrothermal systems can be heavily influenced by the presence of aqueous thi-
olated As species. Many mine waste systems are enriched in As and harbour the
same neutral-to-alkaline and sub-oxic conditions that favour the production of thi-
olated As. However, quantitative data on the existence and mobility of thio-As in
these environments is lacking, Importantly, thiolated As behaves differently from its
fully oxidized oxyanionic counterparts: thiolated As species have a lesser tendency
to adsorb or co-precipitate with secondary minerals and may therefore explain
anomalous As loading rates observed in the field. We investigated thiolated As in
mine waste systems using laboratory column experiments with waste rock and tail-
ings from the Antamina (Peru) and Montague (Nova Scotia, Canada) mines and
through field sampling at various legacy mine waste sites in Canada, including at
Cobalt, Ontario, and Montague and Goldenville, Nova Scotia. First, our laboratory
experiments involved accelerated weathering of material with As hosted in As-bear-
ing enargite (Antamina) and arsenopyrite (Montague) that were run under oxic ver-
sus sub-oxic conditions. We found a wide range of total dissolved As concentrations
(1-7000 pg/1) in the drainage across the different mine waste types, with up to 13
ug/L of As (~5%) present in the thiolated form (predominantly mono-thiolated
As). Higher proportions of thiolated-As were generally observed in the drainages
from enargite-bearing materials over those from arsenopyrite-rich materials, as well
as under Fe-poor and sub-oxic conditions. Next, our fieldwork involved collection
of surface water samples, porewater, and cores from exposed and submerged mine
waste sediments, with analysis of the aqueous As speciation and mineralogy of the
tailings throughout. In comparison to the laboratory experiments, initial analysis of
the field samples indicated higher concentrations of total As in the porewater, main-
ly in historic tailings rich in realgar and arsenopyrite. We found higher proportions
of thiolated As (~12%) present in comparison to the laboratory experiments, as well
as higher degrees of thiolation (di- and tri-thiolated As), possibly related to elevated
dissolved suphfide levels. Currently, we are investigating the controls of the prevail-
ing redox conditions and mineralogy on the observed As thiolation dynamics. Over-
all, our results show that aqueous thiolated As species may occur in mine waste sys-
tems of varying As-mineralogy, and can play a significant role in the biogeochemical
cycling and mobility of As.

REE-MINERALIZED AND BARREN GRANITIC PEGMATITES IN THE
AREA BETWEEN NORTHWESTERN TROIS-RIVIERES AND LAC
SAINT-JEAN, CENTRAL GRENVILLE PROVINCE - PRELIMINARY

RESULTS

Pedro Alves!, Bertrand Rottier!, Abdelali Moukhsil?, Crystal Laflamme!
Université Laval, 2Ministére des Ressources naturelle et des Foréts.
E-mail: pedro.alves@ggl.ulaval.ca

Granitic pegmatite dyke swarms of Ottawan and Rigolet ages are widespread in the
hinterland of the central Grenvillian orogen. These pegmatite dykes were emplaced
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into medium-pressure terranes metamorphosed under amphibolite- to granulite-
facies conditions, i.e. the allochthonous Medium-Pressure Belt (aMP Belt). Over the
last two decades, the geological mapping conducted by the Ministére des Ressources
naturelles et des Foréts du Québec (MRNFQ) revealed significant REE mineraliza-
tion hosted in these pegmatites. In this contribution, eight REE-mineralized and
barren granitic pegmatite occurrences were investigated in a ca. 100 x 300 km area
between northwestern Trois-Rivieres and Iac Saint-Jean region, in the central
Grenville Province. The decimetre- to metre-scale (up to 10 m thick) pegmatite
dykes are undeformed and intruded a large range of rock types, including
orthogneisses of the Mékinac-Taureau domain, deformed gabbroic rocks of the
Roc suite, paragneisses of the Wabash and Barrois complexes, mangerite of the
Pope suite, and anorthosite of the Lac-Saint-Jean suite. Most of these wall rocks are
partially melted, displaying in situ leucosomes that crosscut and are injected along
the tectonic foliation. The pegmatites have monzo- and syenogranitic to alkali
feldspar granitic composition. In addition to quartz, K-feldspar, and plagioclase,
biotite, amphibole, magnetite, and locally garnet compose the main rock-forming
assemblage, whereas allanite, apatite, xenotime, pyrite, columbite, zircon, and thorite
are accessory phases. Allanite is commonly medium- to coarse- and very coarse-
grained (up to 7 cm crystal size) and hosts most of the total REE content of these
pegmatites. The dykes are unzoned to simply zoned and display ubiquitous por-
phyritic textures and eventual graphic intergrowth. Unequivocal field evidence of
parental intrusions genetically linked to the pegmatite dykes was not identified. In
fact, there is an ongoing debate as to whether they represent residual melts of dif-
ferentiated granite magmatism or direct products of anatexis. These pegmatites are
slightly metaluminous to predominantly peraluminous (weakly, ASI = 1.0-1.1), mag-
nesian to mostly ferroan, and high-K calc-alkalic to alkalic. Despite the widespread
occurrence of barren dykes in the region, total REE + Y contents of REE-enriched
samples range from ~3000 to ~28,000 ppm, particularly controlled by LREE. A few
samples also display Nb and Zr contents up to ~2100 ppm and ~6800 ppm, respec-
tively. Most samples display REE patterns characterized by sloping LREE, flat
HREE, and Eu negative anomalies. Multiclement diagrams commonly display Ti, S,
P, Nb, and Ta negative anomalies and nearly all samples display low Be, Cs, and Rb
contents.

INVESTIGATION OF BIOCHEMICAL METHODS TO ASSIST IN EXPLO-
RATION FOR LITHIUM-CESIUM-TANTALUM (LCT) PEGMATITES

Ethan Amyotte
Ontario Geological Survey.
E-mail: ethan.amyotte@ontario.ca

A pilot study was initiated by the Ontario Geological Survey to examine the utility
of biogeochemical techniques to assist in the exploration for lithium-cesium-tanta-
lum (LCT) pegmatites. Biogeochemical techniques sampling vegetation are widely
used as an exploration tool for mineralization covered by overburden, but have
largely been focused towards exploration of gold, silver, zinc, nickel, copper, urani-
um and molybdenum. While the vegetation species and sample media for the explo-
ration of these elements is relatively well understood, the vegetation uptake charac-
teristics of LCT pegmatite pathfinder elements are not well studied. This pilot study
involved the collection of 113 vegetation samples from black spruce and grey alder
over two LCT pegmatites and their metasedimentary host rocks in the Georgia Lake
pegmatite field: Nama Creek Main Zone North and the Jackpot. The goal of this
study is to determine if inductively coupled plasma mass spectrometry (ICP-MS)
trace element analysis of the vegetation samples could be used to interpret the pres-
ence of the mineralized pegmatites under overburden cover. Results from ICP-MS
analyses of the vegetation show lithium, beryllium and tantalum anomalies associat-
ed with the pegmatites. When comparing lithium, cesium and beryllium values from
samples taken above LCT pegmatites with those take above metasedimentary host
rocks, results show mean values from samples taken above pegmatites to be above
one standard deviation higher than the mean of samples collected above metasedi-
mentary host rocks. Black spruce twig and bark analysis appear to present the most
consistent lithium, beryllium and tantalum anomalies. Analysis of grey alder twigs
and leaves show significant scatter in lithium values, potentially due to the mobility
of the element and the plants’ shallow root system and rapid growth cycle. Prelimi-
nary investigations into biogeochemical techniques have demonstrated the potential
to aid in the exploration for LCT pegmatites given the clear and present anomalies
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observed in this study. Additional work is required to refine which medium is best
suited for this technique as well to assess if the extent of the geochemical halo in
the host rock is visible with the biogeochemical technique.

CARBONATITE AND SALT MELTS CAN DO WEIRD THINGS LIKE
I0AS, I0CGS, AND FERROCARBONATITES

Michael Anenburg
Australian National University.
E-mail: wichael.anenburg@anu.edn.an

Silica-dominated magmatic-hydrothermal systems are generally well understood. A
viscous silicate magma solidifies to rock and exsolves a separate aqueous fluid, which
can itself separate into a vapour and a dense brine phase and cause hydrothermal
alteration. This distinction is not as clear in magmatic systems which lack silica,
instead being dominated by salts such as chlorides, fluorides, sulphates, carbonates,
and phosphates. Often, hydrous salt melt inclusions can be misinterpreted as fluid
inclusions. Salt melts can remain continuously liquid to temperatures below the
solidus of any silicate system. They are highly reactive and corrosive, and instead of
solidifying into a solid mass, salt melts are more likely to metasomatize rocks that
they come into contact with, just like hydrothermal fluids. Confusingly, they often
exsolve a real hydrothermal phase which can potentially be trapped alongside the salt
melts. Salt melts are proposed to be excellent carriers of iron in both oxidation
states, as well as many economic metals. This, together with their reactivity, permits
them to form enigmatic metasomatic rocks which appear “hydrothermal” but are
unlike any rock formed by silicate magmatic-hydrothermal system. They often con-
sist of elements which are seldom elevated in silicate melts, and pootly soluble in sil-
icate-detived hydrothermal fluids. Fluid inclusions in iron oxide-apatite (IOAs) and
iron oxide-copper-gold deposits (IOCGs) may record these melts, often misinter-
preted as “fluids”. Unfortunately, minerals crystallizing from salt melts are soluble
and are not preserved in the geological record. Therefore, identification of their for-
mer presence is challenging. Current research into salt melts is in its infancy. How
common are salt melts? Are they really responsible for IOCGs and IOAs, or is there
an alternative explanation? If they are so reactive, how do they form in the first
place? There are very few experimental studies on natural-like compositions, and
their possible interactions with the wide range of crustal rocks. Carbonatite melts are
a special case of salt melts in which the dominant anion is carbonate. They are much
better studied than chloride-dominated salt melts, and rocks that crystallize from
them are better preserved in the geological record. Ferrocarbonatite bodies are often
ore-bearing, and their formation from melts is mostly understood. Non-ferrous
mineralized carbonatite systems are also instructive. The study of carbonatite sys-
tems and their related mineralization can be used as a strategy guide in approaching
the wider questions in salt melts.

GEOSCIENCE OF GREEN ENERGY AND THE DIGITAL ECONOMY:
OVERVIEW OF A NEW COURSE AT THE UNIVERSITY OF
SASKATCHEWAN

Kevin Ansdell
University of Saskatchewan.
E-mail: kevin.ansdell@usask.ca

The University of Saskatchewan, like many other universities in Canada, has a sig-
nificant focus on sustainability practices with the development of a forward-looking
strategy to 2030 that is designed to consider the United Nations Sustainable Devel-
opment Goals. One of the goals is to reduce greenhouse gas emissions by 45% from
their 2010 levels by 2030, and to have net-zero emissions by 2050. The university has
several academic and research initiatives that are focused on the development of
energy policies, and the development of green energy and digital technologies and
materials, some of which are linked to the signature research area of “Energy and
Mineral Resources for a Sustainable Future”. As we all know, the transition to green,
clean, sustainable energy sources is considered to be vital to meet greenhouse gas
emission targets in Canada. In addition, we know that to meet these targets will
require increasing amounts of a variety of critical geological materials. However,
non-geoscientists typically do not appreciate this connection. The new undergradu-
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ate course at the University of Saskatchewan, which was first offered in 2021, is
designed to be accessible to non-geoscience students, as well as geoscientists. The
aim is for the course to attract students from across disciplines to spark discussion
and provide different perspectives, and so the rationale was for a senior level course
so that the students have already obtained a breadth of knowledge through their uni-
versity career. Graduate students can also take the course. The course examines the
definition, location, and importance of green energy sources, such as solar, wind,
geothermal, hydroelectric, tidal, and nuclear. The geological characteristics of these
enetgy soutces are considered, along with the use of resources and other issues asso-
ciated with the generation, storage, and distribution of the energy produced, and the
importance of recycling, waste disposal, and the circular economy. Local, national,
and global examples are provided in order to emphasize that an understanding of
geology is important to the success of green energy initiatives. The course format
consists of lectures combined with student-led discussion of selected articles, texts,
and relevant national and global news and policy announcements. This provides a
direct link between geoscience and up-to-date news items. For example, in 2021 one
discussion session focused on the connections between a Human Rights Watch arti-
cle on issues linked to the manufacturing of electric vehicles, a coup in Guinea, an
election in Iceland, and Quebec. What is the link?

UNCONFORMITY-RELATED URANIUM DEPOSITS ASSOCIATED WITH

THE ATHABASCA BASIN, CANADA: VIEW ON DEPOSIT FOOTPRINTS

AND RELATIONSHIP TO GENETIC MODELS AND THE URANIUM ORE
SYSTEM

Kevin Ansdell
University of Saskatchewan.
E-mail: kevin.ansdell@usask.ca

The aim of this presentation is to provide a personal view of the salient features of
the uranium ore system and genetic models that are potentially relevant for the
development of a footprint for unconformity-related uranium deposits in the
Athabasca Basin, with a focus on results from the Geological Survey of Canada
EXTECH 1V, TGI4, and TGIS5 projects, and the NSERC-CMIC Footprints project.
Much of this work has focused on deposits related to the Wollaston-Mudjatik tran-
sition zone (WMTZ: McArthur River, Cigar Lake, Millennium) in the east, and the
Patterson Lake Corridor (PLC: Arrow, Triple R) in the southwest of the basin. The
Athabasca Basin hosts the world’s highest-grade uranium deposits. They are spatially
associated with structutes that crosscut the unconformity between the sedimentary
rocks of the Paleo/Mesoproterozoic Athabasca Supergroup and the underlying
Archean-Paleoproterozoic basement rocks, but can be hosted in the basement, or
close to the unconformity. Fundamentally, the development of a footprint to these
deposits, which is a present-day snapshot of the effects of pre-, syn- and post-min-
eralization processes, is focused on identification of fertile structures, understanding
the complexity of these structures, and determining the extent of the alteration and
geochemical haloes, and related physical property variations, around the deposits.
Primary mineralization is considered to have formed at ca. 1.6 Ga, potentially related
to reactivation of older structures sparked by the collision of proto-Australia with
Laurentia. Crustal-scale structures, often recording significant pre-basin alteration,
appear to be more important than the composition of host rocks, based on the dif-
ferences between the rocks in the WMTZ and PLC. The siting of deposits, and asso-
ciated alteration, is thus related to the combination of appropriate structural traps
and available depositional mechanism, akin to orogenic gold systems. Uraninite, and
clay minerals, also record younger ages, indicative of the presence of fluids through-
out the basin history, and these fluids may destroy deposits, or redistribute U-related
elements to form an important component of a footprint. Geological, geochemical,
and geophysical data along the structural corridors in the WMTZ have been used to
constrain the footprint of deep (~500 m) deposits. For example, molar ratios (K,
Mg, Al) in sandstones, and the presence of fractures and lithogeochemical ‘chim-
neys’, provide evidence for dispersion of specific elements and radiogenic lead
towards the glacial deposits at surface. In contrast, the footprint around basement-
hosted deposits is tighter to the structures, and more complex, as the rocks are more
impermeable and compositionally variable.

https://doi.otg/10.12789/geocan;.2023.50.200
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AGE AND PETROGENESIS OF DEVONIAN PLUTONIC ROCKS IN THE
EASTERN MEGUMA TERRANE, NOVA SCOTIA, CANADA

Donnelly Archibald!, Sandra Barr2, Chris White2, Shae Nickerson3,
Richard Stern4, Yan Luo4, Robert Creaser4, Graham Pearson#
1St. Francis Xavier University, 2Acadia University, Brunswick Exploration,
4University of Alberta.
E-mail: darchiba@stfx.ca

The eastern Meguma terrane is characterized by a 7750 m-thick succession of Cam-
brian—Ordovician metasedimentary rocks representing the upper part of the Gold-
enville Group and lower part of the Halifax Group that were intruded by abundant
Middle to Late Devonian granitoid plutons. Less voluminous intrusions of diorite-
tonalite and minor gabbro are associated with plutons along the northern margin of
the terrane (Trafalgar plutonic suite, Cranberry Lake pluton, Bull Ridge pluton, Lost
Lake pluton). The mafic-intermediate intrusions contain abundant metasedimentary
xenoliths and show magma mingling textures with their adjacent granitic plutons.
Mafic-intermediate rocks do not appear to be associated with larger plutons (e.g.
Halfway Cove, Larrys River, Queensport, Sherbrooke, Canso) in the easternmost
part of the terrane at the present level or erosion. The mafic-intermediate rocks have
calc-alkalic chemical characteristics consistent with origin in a continental margin
magmatic arc, thus, providing constraints on the tectonic setting of the spatially and
temporally associated granitic magmatism. The granitoid plutons are peraluminous
granite to granodiorite, contain abundant metasedimentary xenoliths and have “S-
type” geochemical characteristics including high SiO, concentrations (> 65 wt.%
Si0,), primary muscovite, and garnet. Whole-rock geochemical data from granitoid
plutons and related pegmatite dykes show similar major, trace element and rare-carth
clement compositions. New U-Pb zircon data indicate coeval emplacement of
mafic-intermediate plutons and granitic plutons in the Devonian (ca. 385-370 Ma).
However, inherited zircon domains are numerous and range from Palacoproterozoic
to Devonian. Zircon oxygen isotopic data are between + 7.2%0 and + 9.3%0 and
indicate melting of a metasedimentary source rock. Zircon hafnium isotopic data
have epsilon Hf(t) values between — 6.0 and + 2.1 which support whole-rock epsilon
Nd(t) values that are between + 1.9 (quartz diorite) and — 8.1 (biotite granite). The
new geochemical data together with the new zircon U-Pb, O and Hf isotopic data
from plutons in the eastern Meguma terrane are indistinguishable from published
data from the South Mountain Batholith. Taken together, this suggests subduction-
related magmatism was more extensive in the Meguma terrane during the Middle to
Late Devonian than previously recognized.

THREE-DIMENSIONAL (TETRAHEDRAL) MAJOR ELEMENT ANALYSIS
OF REDOX-VARIABLE CHEMICAL WEATHERING TRENDS

Michael G. Babechuk!, Christopher M. Fedo?
Memorial University of Newfoundland, 2University of Tennessee.
E-mail: mbabechuk@mnn.ca

The utility of major elements in the study of siliciclastic sedimentary petrogenesis
expanded rapidly ~30—40 years ago with the development of molar chemical weath-
ering indices and accompanying ternary plots, most prominently the chemical index
of alteration (CIA) and the Al,O;-CaO*+Na,O-K,O (A-CN-K) plot. Different ter-
nary plot arrangements emerged to isolate and analyze other weathering and physical
hydrodynamic trends, such as those adding Fe and Mg (FM) to examine mafic min-
eral effects. However, limitations from fixed-element arrangement across 3 poles
have remained a barrier to visualizing some critical sedimentary processes in these
ternary plots since their inception. For example, combining CNK on one pole of
FM-bearing plots inhibits combined analysis of plagioclase vs. K-feldspar weather-
ing and prevents the K-metasomatism correction possible in the A-CN-K plot. A
strategy more common to igneous and metamorphic petrology, but rare in sedimen-
tary petrology, is the use of 3-dimensional (tetrahedral) compositional space for
major element analysis. Tetrahedral plots allow separation of elements across 4 poles
and thus maximum visual resolution of more processes influencing whole-rock sed-
iment/sedimentary rock compositions. This presentation provides an overview of
developed  tetrahedral AlO;-CaO*+Na,O-K,O-
FeO )/ Fe,05-MgO(-Si0,) system(s) with a focus on in situ (source rock) chemical

recently plots in the
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weathering trends from Archean to present. Iron-loss in tandem with mobile ele-
ments, as observed in metasomatized paleosols formed prior to ~2.2 Ga, is visual-
ized effectively in the new A-CN-K-FM tetrahedral plot, with separation between
mafic mineral and feldspar weathering effects. The modern-like retention of Fe in
oxide minerals in contrast to mobile elements, as observed in metasomatized pale-
osols formed after ~2.2 Ga, is visualized effectively in the new AF-CN-K-M tetra-
hedral plot, with separation between mafic mineral and feldspar weathering effects.
The isolation of K on one pole in both aforementioned tetrahedral plots allows
tracking and correction in 3-D space for the K-addition resulting from
diagenesis/metasomatism. In most weathering indices/ternary plots established to
date, Siloss is not tracked in parallel with other mobile major elements (Ca, Na, K,
Mg). The new A-CNKM-F-S tetrahedral plot makes this bridge and, with the sacri-
fice of mineral-specific and metasomatism effects, helps examine trends across a full
spectrum of chemical weathering stages. All these new tetrahedral plots incorporate
existing weathering indices directly into 3-D tetrahedral space or onto some of their
projected ternary faces.

DISTRIBUTION OF RARE EARTH ELEMENTS AND YTTRIUM IN THE
VARIOUS MINERALIZED ZONES OF THE MOUNT PLEASANT W-Mo-Bi
AND Sn-Zn-In-Cu DEPOSITS, SOUTHWESTERN NEW BRUNSWICK

Saeid Baghban Asgharinezhad!, David Lentz!, Kathleen Thorne?,
Neil Rogers?
University of New Brunswick,
2New Brunswick Department of Natural Resources and Energy Development,
3Geological Survey of Canada.
E-mail: saeid.baghban@unb.ca

The Late Devonian, granite-related Mount Pleasant deposits are located along the
southwest margin of the Mount Pleasant Caldara complex in southwestern New
Brunswick. Mineralization is associated with three episodes of highly evolved, A-
type granites intruded into the Mount Pleasant volcano-sedimentary sequences, pro-
ducing three distinct mineralized areas. These zones constitute a high-tonnage, low-
grade W-Mo-Bi ore related to an early fine-grained equigranular granite (Gr-I) in the
Fire Tower Zone; a limited-tonnage, high-grade Sn-Zn-Cu-In ore associated with
aplitic to porphyritic granite (Gr-1I) in the North Zone; and the small W-Sn-Zn-In
occurrence in the Saddle Zone that is linked to the intersection of Gr-I and Gr-I1.
A barren, medium-grained, equigranular granite (Gr-III) crosscuts the earlier
granitic phases at depth. The distribution of rare earth elements (REE) and yttrium
(Y) are characterized for different styles of mineralization by whole-rock geochem-
istry, micro-X-ray fluorescence (uXRF), and shortwave ultraviolet (UV) light. Yttri-
um-rich phases (e.g. fluorite, monazite, xenotime, zircon, rutile, and titanite) are
strongly associated with the mineralized zones and are most prevalent within the
matrix of brecciated zones. Based on uXRF analysis, these minerals contain elevated
LREE+Y and some HREEs (including Gd, Dy, and Er). The enriched Y content of
fluorite with oscillatory to chaotic zoning was identified by shortwave UV and p-
XRE The intergrowth of zircon, monazite, and xenotime was also detected in the
mineralized zones. Additionally, ferberitic wolframite exhibits elevated contents of
Eu and HREEs (e.g. Tb, Er, Yb, and Lu). Based on whole-rock geochemical data,
these granites are extremely enriched in fluorine, incompatible trace elements, and
REEs, with very low Zr/Hf, K/Rb, and Nb/Ta ratios, implying an important role
for fluid fractionation in late-stage magmatic differentiation. Furthermore, the min-
eralized zones exhibit elevated Y concentrations. The granitic rocks and the miner-
alized zones exhibit flat chondrite-normalized REE patterns with pronounced neg-
ative Eu anomalies. Several key high-field strength elements (HFSE) are enriched in
these deposits, including Zr, Ti, Hf, Nb, and Ta. High fluorine was also detected in
the mineralized zones (up to 7%), which is consistent with a shallow emplacement
of the granitic suites and the subsequent low-pressure conditions during mineraliza-
tion. Based on principal component analysis, monazite and rutile for LREEs, and
zircon and xenotime for HREEs atre pathfinder minerals in the Mount Pleasant
deposits. In conclusion, the Mount Pleasant deposits have a very high potential for
economically viable Y and HFSE mineralization, which could potentially be extract-
ed as by-products to the primary Sn-Zn-Cu-In and W-Mo-Bi ores.
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PARENTAL MAGMAS, TECTONIC SETTING, AND MAGMATIC
EVOLUTION OF THE LAC DES ILES INTRUSIVE SUITE

Wyatt Bain!, Peter Hollings?, Lionnel Djon3, Matthew Brzozowski!
British Columbia Geological Survey, 2Lakehead University, 3lmpala Canada.
E-mail: wyatt.bain@gov.be.ca

The Archean (~2.69 Ga) Lac Des Iles (LDI) mafic-ultramafic system in northwest-
ern Ontario is a world-class platinum-group element (PGE) deposit and North
America’s premier Pd resource. The LDI intrusion is one of several mafic-ultramafic
intrusions that form a ring-shaped array (the LDI intrusive suite; LDI-IS) situated
neat the eastern boundary of the Wabigoon Subprovince of the Superior Province
near the boundary with the Quetico Subprovince. Intrusions within the LDI-IS are
geochemically similar to the Mine Block Intrusion of the Lac Des Iles deposit, sug-
gesting a similar level of prospectivity for PGE mineralization. These shared fea-
tures potentially arise from similarities in the processes driving melt fractionation,
parental magma compositions, and contributions of mantle and crustal components.
Here, we present new age dates, Sm—Nd isotopes, and modeled parental melt trace-
element compositions for several intrusions within the LDI-IS, including the Tib
Lake, Legris Lake, Wakinoo Lake, Demars Lake, Dog River, and Buck Lake intru-
sions. Zircon U-Pb ages from the Wakinoo Lake (2696.6 + 0.8 Ma), Legris Lake
(2690.6 £ 0.8 Ma), Buck Lake (2698.1 £ 1.5 Ma), and Tib Lake (2685.9 £ 1.6 Ma)
demonstrate that the various intrusions of the LDI-IS are coeval with one another
and the Mine Block Intrusion of LDI. Calculated parental magma trace-element
compositions for each of the intrusions exhibit highly fractionated REE profiles,
moderately negative Ta-Nb and Zr-Hf anomalies, and strong enrichment in the large
ion lithophile elements. Taken together, the common ages and similar parental
magma compositions suggest that the individual intrusions in the LDI-IS were likely
derived from a common melt reservoir at depth. However, both Tib Lake and the
northern ultramafic centre of the Lac Des Iles complex contain physically distinct
intrusive units that are geochemically more primitive than the majority of the rocks
in the LDI-IS. This is likely a result of variable mixing with a more mafic magma
during the formation of the intrusions that form the northern boundary of the
LDI-IS. The Wakinoo Lake, Tib Lake, Legtis Lake, and Lac Des Iles intrusions have
overlapping Sm—Nd isotope signatures that are consistent with progressive assimila-
tion of Wabigoon tonalite gneiss and hornblende tonalite with increased distance
from the Wabigoon-Quetico suture zone. This crustal assimilation likely drove sul-
phide immiscibility at depth, but variable degrees of sulphide liquid entrainment
during emplacement resulted in variable volumes of sulphide mineralization in each
of the intrusions.

REE, Th, AND HFSE MOBILIZATION VIA CIRCULATION OF
SECONDARY CARBONATE-SULPHATE-CHLORIDE AQUEOUS
SOLUTIONS: A KEY PROCESS FOR UPGRADING OF CRITICAL METAL
MINERALIZATION IN IRON OXIDE-APATITE SYSTEMS

Wyatt Bain!, Matthew Steele-MacInnis2, Matthew Severs3,
Yannick Bussweilert, Xinyue Xu2
British Columbia Geologic Survey, 2University of Alberta, 3Stockton University,
“University of Cologne.
E-mail: wyatt.bain@gov.be.ca

In a number of Kiruna-type iron oxide-apatite (IOA) deposits in Europe and Asia,
rare carth element (REE) and high field strength element (HFSE) entichment
appears to form as a result of the secondary mobilization of REEs and HFSEs dur-
ing late-stage hydrothermal overprinting. However, key questions remain as to the
character of the fluids involved in this process and how their genesis and circulation
relate to the processes involved in the initial formation of IOA ore bodies. Here we
present textural, geochemical, and inclusion data from ore-stage apatite in the Buena
Vista (Nevada, USA) and Iron Springs (Utah, USA) magnetite-apatite deposits. Pre-
vious work shows that primary IOA mineralization in both systems was likely pre-
cipitated by Fe-rich carbonate-sulphate melts that are preserved as melt inclusions in
primary apatite crystals. However, primary apatite from Buena Vista contains zones
of secondary apatite which are strongly depleted in REEs, Th, Hf, and Fe and
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rimmed by secondary carbonate minerals that envelope the outer edge of a chemical
front along which REEs and HFSEs are progressively mobilized. These zones of
secondary apatite commonly surround coarsely crystalline REE-rich minerals and
contain abundant assemblages of carbonate-sulphate-chloride brine inclusions. In
contrast, apatite from Iron Springs lacks these secondary features and contains far
fewer carbonate-sulphate-chloride brine inclusions relative to Buena Vista, but dis-
plays REE, Th, and HFSE concentrations uniformly in excess of primary apatite
from Buena Vista. These observations demonstrate that a secondary stage of
hydrothermal upgrading involving carbonate-sulphate-chloride brines is responsible
for the mobilization of REEs, HFSEs, and Fe from IOA ore bodies in the Buena
Vista system. This is consistent with numerous experimental studies that character-
ize SO, and COs% as strong complexing agents for REEs, Th, and Fe in aqueous
solutions. Moreover, systems that lack the secondary features described here (i.c.
Iron Springs) likely lack significant REE mineralization. Thus, critical element
enrichment in IOA deposits occurs in two phases: 1) REEs and HFSEs are incor-
porated as trace elements in the primary mineralogy of IOA orebodies precipitated
by carbonate-sulphate melts and, 2) carbonate-sulphate-chloride brines, exsolved
from primary carbonate-sulphate melts, mobilize and concentrate REEs and HFSEs
as major elements in discrete mineral phases. This model accounts well for the com-
mon observation of overprinting hydrothermal features in many notable IOA local-
ities and is likely a key throughline linking genetic mechanisms in metasomatic iron
and alkali-calcic (MIAC) systems, IOA and iron oxide copper-gold (IOCG) deposits,
and REE-rich ferrocarbonatite systems worldwide.

THE KINETICS OF MELT INCLUSION PRESERVATION DURING
COOLING OF MAGMATIC SYSTEMS

Don R. Baker
McGill University.
E-mail: don. baker@mrgill.ca

Melt inclusions in crystals provide one of the best windows into the composition
and evolution of magmatic systems. The preservation of melt inclusions as glasses
requires rapid cooling to prevent crystallization and depends upon the kinetics of
nucleation and crystal growth. Understanding the conditions necessary for melt
inclusion preservation can provide new insights into magma chamber dynamics. The
combination of experimental measurements of crystal growth rates with calcula-
tions of nucleation delay in small volumes allow us to constrain the time-tempera-
ture cooling paths necessary to preserve melt inclusions as glasses. Crystal growth
rates in magmatic composition melts have been measured in multiple studies during
the past ~100 years, providing the ability to estimate the time necessary for a crystal
to grow to a specified size. But growth of new crystals in inclusions does not occur
immediately following supersaturation of a melt with a crystalline phase, instead the
melt will reside at supersaturated conditions for a finite duration before the first
crystals appear. The nucleation delay in magmatic systems can range from durations
of less than a second (ultramafic melts) to millions of years (silicic melts). Through
comparison of experiments and calculations it has been demonstrated that nucle-
ation delay for the rock-forming minerals in anhydrous basaltic melts (olivine,
clinopyroxene, plagioclase), and hydrous rhyolitic melts (alkali feldspar, quartz) can
be predicted by classical nucleation theory to better than an order of magnitude.
Combination of these results with the theory of crystallization in confined volumes
provide the constraints needed to investigate the cooling times necessary for the
preservation of melt inclusions as glasses. The calculations demonstrate the strong
control of melt composition, including water concentration, and inclusion size on
glass preservation during cooling. Modelling indicates that dry basaltic melt inclu-
sions of 50 micrometres in diameter need to cool to temperatures of near 773 K
within ~40 years to prevent nucleation and growth of new crystals. On the other
hand, metaluminous rhyolitic melt inclusions with ~4 wt.% water of the same size
must cool to similar temperatures within ~400 years. In both cases, increases in
water concentration in the melt can decrease these times by many orders of magni-
tude; for example, a basaltic melt inclusion with 6 wt.% water must cool to ~773 K
in less than ~180 days to prevent nucleation and crystal growth.

https://doi.otg/10.12789/geocan;.2023.50.200
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ORE BODY ARCHITECTURE IN SNOW LAKE: METAMORPHOSED
AND DEFORMED VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS

Sheila Ballantyne!, Melissa Anderson!, Margaret Stewart?
1University of Toronto, 2Mount Royal University.
E-mail: sheila.ballantyne@utoronto.ca

Ore body architecture of ancient volcanogenic massive sulphide (VMS) deposits is
the result of both primary volcanic environments and overprinting metamorphism
and deformation, which modify the primary geometry of the ore lenses. This study
reviews the microscale and mesoscale structural features commonly observed in
VMS ore bodies in the Snow Lake District and their controls on the distribution of
base and precious metals. The Snow Lake arc assemblage (SLA) is host to six known
economic VMS deposits (Chisel, Chisel North, Ghost, Lost, Lalor, and Photo Lake
deposits). This district is at the eastern margin of the Flin Flon-Snow Lake Belt,
which belongs to the Paleoproterozoic Trans-Hudson Orogen. The VMS mineral-
ization is the result of hydrothermal processes related to volcanism in a pericratonic
arc outboard of the Superior Craton. Following VMS deposit formation, the SLA
underwent four deformation events from 1.84-1.77 Ga, resulting in peak alman-
dine-amphibolite facies metamorphism (~5-6 kbar, 550-600°C) at ca. 1.81 Ga and
strongly influencing the architecture and spatial relationship between VMS deposits.
Primary, syn-volcanic modification of VMS deposits can be significant and often
challenging to distinguish from post-volcanic events. Syn-volcanic modification of
VMS deposits includes vertical stacking of ore bodies buried by progressive volcanic
and volcaniclastic rock sequences, hydrothermal alteration of ore and host rocks,
and metal zonation due to the thermal evolution of VMS systems. Regional syn-vol-
canic tectonics also affect VMS ore body architecture, particularly before and duting
subsidence of VMS centres, resulting in localized truncation, offset of units by fault-
ing, and thickening of ore lenses and related host volcanic and volcaniclastic
sequences. Metamorphism and deformation of the VMS ore bodies in the SLA, as
well as the variably hydrothermally altered surrounding host rocks, have created
unique architecture and spatial relationships. Massive sulphide bodies are rheologi-
cally weaker than their host volcanic and volcaniclastic units and, apart from pyrite,
sulphide minerals behave in a ductile manner under most metamorphic conditions.
Significant ore remobilization is common. Modes of metal transfer during metamor-
phism include mechanical cataclasis or ductile flow, solid-state or hydrothermal dif-
fusion, and melting. This competency contrast creates identifiable features in the ore
bodies such as cups, piercement veins, and sulphide breccias. Foliation is also com-
mon, expressed by alternating silicate and sulphide bands or other mineralic band-
ing. Understanding the syn- and post-depositional features of VMS ore bodies aids
in interpretation of VMS ore body formation, modification, and preservation and
advances the development of mineral exploration targets.

MINOR AND TRACE ELEMENT CONTENTS OF CHROMITE FROM
KOMATIITES AND PICRITES AS PETROGENETIC INDICATORS

Sarah-Jane Barnes!, Eduardo T. Mansur2, Dany Savard!,
Philippe Philippe Pagé?
Université du Québec a Chicoutimi, 2Geological Survey of Norway,
31OS Services Géoscientifiques.
E-mail: ybarnes@uqac.ca

Chrome, Ni and platinum-group element ore deposits are all found in association
with mafic and ultramafic rocks. Olivine followed by olivine plus chromite are the
first minerals to crystallize from the magmas that form these rock types. The Ni con-
tent of olivine has long been used in exploration programs, but olivine is readily
altered in transport and this limits its use as an indicator mineral. Chromite appears
to be more robust and Zn, Ni and Ru contents of chromite have been suggested as
possible tracers of ore formation. However, most ultramafic and mafic rocks con-
tain only a small amount of chromite and post-crystallization processes such as re-
equilibration during cooling, metamorphism and weathering could change their
compositions. In order to consider the effects of fractional crystallization and cool-
ing on the composition of chromite we have determined the minor and trace ele-
ment content of chromite from the Emeishan High- and Low-Ti picrites (China)
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and from komatiite flows of Alexo (Abitibi, Canada), to assess the degree to which
the chromite compositions reflect the melt compositions. The concentrations of
elements with a charge 3+ or greater (Al, Sc, Ti, V, Ga, Zr, Nb, Sn, Hf and Ta)
appear to reflect the melt compositions in that they correlate with the whole rock
compositions and have empirical partition coefficients similar to those determined
in experiments. The concentrations of all these elements increase with crystal frac-
tionation, despite the fact that Al, V and Ga are compatible with chromite. This is
because the cotectic proportions of olivine to chromite is 98 to 2 or less and thus
the bulk partition coefficients are less than one. Vanadium concentrations indicated
/O, in -2 to 0 range for the Emeishan rocks and —1 to 0 in the komatiites. The ele-
ments with a 2+ charge (Mg, Mn, Fe, Co, Ni and Zn) partition into olivine and hence
their concentrations are controlled by olivine rather than chromite. In addition, the
concentrations of these elements are different in chromite included in olivine to
those in the matrix. Both appear to have re-equilibrated and are therefore not as reli-
able indicators of magmatic conditions, although Ni concentrations of chromite
from massive Ni-rich sulphides in komatiites are distinctly lower. Ruthenium con-
centrations are high in all the chromite, except those from massive Ni-rich sulphides.
The crystallization of chromite produces negative Ru anomalies in PGE patterns of
fractionated rocks.

MINOR AND TRACE ELEMENT CONCENTRATIONS IN CHROMITE
FROM LAYERED INTRUSIONS: IMPLICATIONS FOR THE FORMATION
OF MASSIVE CHROMITE LAYERS

Sarah-Jane Barnes!, Eduardo T. Mansur?, Wolfgang D. Maier3,
Stephen A. Prevect
"Université du Québec a Chicoutimi, 2Geological Survey of Norway,
3Cardiff University, ‘Rhodes University.
E-mail: ybarnes@uqac.ca

The origin of massive chromite layers in layered intrusions is much debated because
the layers contain more than fifty percent chromite, whereas cotectic crystallization
from primary magmas would only be expected to produce two percent chromite.
Various models have addressed this problem, including: a) A rapid change in an
intensive variable (pressure, /O, or a sudden change in composition of the magma
possibly due to magma mixing), which led to only chromite crystallizing; b) Physical
separation of chromite from the silicate minerals during transport in a slurry, aided
by differences in specific gravity; c¢) Partial melting of a cotectic chromite-silicate
cumulate resulting in a chromite-rich residue. Which if any of these processes
occurred is important from the point of view of understanding and exploring for
Cr and platinum-group element (PGE) deposits, because massive chromite layers
supply almost half of the wotld’s Cr and some massive chromite layers contain PGE
deposits. Indeed, the largest PGE ore deposit in the world is found in a massive
chromite layer - the UG2 of the Bushveld Complex, South Africa. By examining the
minor and trace element contents of chromite from three intrusions which contain
PGE and Cr deposits, the Bushveld Complex (South Africa), the Stillwater Complex
(USA) and the Great Dyke (Zimbabwe) and comparing these chromite composi-
tions to those of chromite from magmas from which the intrusion could have
formed (komatiites and picrites) we observed the following. The chromites from the
lowest levels of the intrusions could have crystallized from komatiite liquids that
have been contaminated with continental crust. The Great Dyke chromites have the
highest Cr# and lowest incompatible element contents and could have formed from
a liquid close to komatiite. All the chromites, except those of the Dunite Succession
of the Great Dyke, have equilibrated with a liquid that had also crystallized pyrox-
ene. The Great Dyke and Stillwater chromites show a narrower range in composi-
tion than the Bushveld chromites. Titanium, V, Sc and Ga contents of the chromites
increase both across the whole stratigraphy and across individual layers. The increase
of V and Ga across layers contradicts models based on a sudden change in an inten-
sive variable leading to crystallization of only chromite, because V and Ga are com-
patible with chromite and thus should decrease up-section. We conclude that models
based on physical accumulation of chromite during transport best fit the observa-
tions.
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NEW CONCEPTS IN GENETIC MODELS FOR THE NORILSK-TALNAKH
Ni-Cu-PGE DEPOSITS

Stephen Barnes!, Giada Iacono-Marziano?, Margaux Le Vaillant!,
Marina Yudovskaya3
ICommonwealth Scientific and Industrial Research Organization (CSIRO),
2National Centre for Scientific Research (CNRS), 3University of Witwatersrand.
B-mail: steve.barnes@esiro.an

The supergiant ore deposits of the Norilsk-Talnakh camp contain over a trillion dol-
lars worth of metals and continue to fascinate researchers. Genetic models must take
account of multiple constraints and paradoxes. The host chonoliths are probably
closed tubes rather than flow-through conduits, but PGE mass balance requires that
sulphides reacted with a volume of magma at least ten times larger than that of the
host intrusions. S isotopes ate strongly indicative of a source in the evaporites of the
enclosing stratigraphy but assimilation of anhydrite requires dissolution of sulphate;
additional assimilation of a strong reductant is also required to generate sulphide.
The sulphide globules characteristic of the orebodies are mostly too big to have
been carried any great distance by basaltic magma. Textural evidence indicates that
these globules originated as liquid droplets physically attached to gas bubbles, and
that a “bubble rafting” mechanism may have been involved in their transport. Injec-
tion of volatile-saturated magma is further indicated by the widespread brecciated
skarns and intrusion breccias in the country rocks. It is likely that volatile saturation
of the magmas was initially induced by pre- and syn-emplacement assimilation of
country rock. These observations can be reconciled with a model of explosive
emplacement of a magma already carrying finely dispersed sulphide droplets, at least
in part rafted on vapour bubbles. A further mechanism is suggested by analogue
experiments showing that a sudden pressure drop occurs in overpressured magmas
at sill-dyke transitions, such as must have characterized the initial emplacement of
the chonoliths. The pressure drop would have caused a sudden further burst of
vesiculation, country rock fragmentation and enhanced rates of assimilation of mar-
ginal rocks to form taxites. The emplacement process hence generates a lot more
vapour, which “harvests” fine sulphide droplets and drives their coalescence to make
droplet-bubble pairs as shown in recent experiments. Large sulphide droplets with
relatively small gas bubbles sink to make the lower globular sulphide layers. Gas bub-
bles with minor amounts of attached sulphide, which float rather than sink, occupy
the top parts of the sills and degas extensively, resulting in loss of most of the S and
formation of low-S, high-PGE ores. Rapid supercooling during degassing of the
overpressured magma accounts for the dendritic and sub-skeletal olivine commonly
observed in the “picrodolerite” layers that host the globular ores. As the sills inflate
during continuing magma injection the interiors are filled with sulphide-poor uncon-
taminated magma making internal gabbrodolerite layers.

MULTIPLE SULPHUR ISOTOPES USED ON VMS DEPOSITS TO
DETERMINE THE ISOTOPIC SIGNATURE OF ARCHEAN OCEANIC
SULPHATES

Guillaume Barré!, Crystal LaFlamme!, Georges Beaudoin!, Jean Goutier?,
Pierre Cartigny?
Université Laval, 2Consultant, Institut de Physique du Globe de Paris.
E-mail: guillanme.barre.2@ulaval.ca

Seawater sulphate is one of the major sulphur reservoirs in Earth’s history and plays
a critical role in controlling the sulphur cycle. The presence of sulphate in the
Archean Ocean is debated; nevertheless, recent studies have shown that it contained
significant amounts of sulphate. The analysis of sulphur isotopic signatures is a
powerful tool to track the influence of sulphate in different geological settings. Typ-
ically, evaporite minerals are used as a tracer of the isotopic signature of seawater
sulphate over geologic time, and the lack of an evaporitic record in the Archean
makes it difficult to determine the isotopic record. To fill this gap, we used multiple
sulphur isotopes analysis (8345, 3335, 836S) on volcanogenic massive sulphide (VMS)
deposits, resulting from latge-scale hydrothermal circulation of seawater in the
oceanic crust, to precisely determine the sulphur isotopic signature of Archean sea-
water sulphate. Indeed, these deposits are known to partially record the isotopic sig-
nature of seawater sulphate in massive sulphide lenses. To better constrain the influ-
ence of seawater in Archean VMS, we analyzed different types of well-preserved
deposits, including sub-seafloor replacement VMS, seafloor VMS, and exhalates, all
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from the ca. 2.7 Ga Abitibi greenstone belt (Quebec). Each type presents a specific
isotopic signature, yielding magmatic (sub-seafloor replacement VMS) and seawater
sulphate-rich (exhalites) endmembers. In seafloor VMS deposits, sulphide minerals
record a mixing between the isotopic signature of seawater sulphate and magmatic-
derived fluids (generated directly from magma or from the leaching of oceanic crust
sulphide minerals). We used the seafloor VMS isotopic signatures in a two-compo-
nent mixing model with that of the magmatic reservoir to determine the isotopic
signature of the seawater sulphate. For this, the proportion of sulphate incorporated
into the VMS is required. It has been estimated at 15% based on a compilation of
VMS data over time (from modern to Paleoproterozoic) and previous mass balance
calculations. The two-component mixing model using Noranda’s VMS isotopic sig-
nature led to estimate values of 838 = 9.01%o £ 3.19 and 8338 = —0.97%o * 0.30 for
oceanic sulphate at ca. 2.7 Ga. Our findings shed new light on the isotopic signatures
of ancient oceans and offer new insights for future research.

CHARACTERIZATION OF BRECCIA-HOSTED Ni-Cu-PGE MINERALIZA-
TION IN THE CRYDERMAN DEPOSIT, SUDBURY IGNEOUS COMPLEX,
ONTARIO

Sandra Baurier Aymat!, C. Michael Lesher!, Chris Hicks?
Laurentian University, 2Vale Canada Limited.
E-mail: sbaurier_aymat@lanrentian.ca

The basal contact of the Sudbury Igneous Complex (SIC) is lined by discontinuous
magmatic and anatectic breccias, which occur primarily/exclusively within embay-
ments/troughs/funnels along the basal contact and host the majority of the Ni-Cu-
PGE-bearing contact ores. Sublayer norite (SLNR) and footwall breccia (FWBX)
consist of polymictic, matrix- to clast-supported breccias containing heterometric
inclusions: a) anteliths from the overlying melt sheet, b) local xenoliths from sur-
rounding country rocks, and c) exotic xenoliths derived from mid-crustal ultramafic
intrusions. SLNR is characterized by a cumulate noritic matrix, whereas FWBX con-
tains an anatectic felsic to intermediate matrix, both of which may contain variable
amounts of sulphide phases. Most studies on SLNR and FWBX have been carried
out in the North Range, which is characterized in most locations by granitic to gra-
nodioritic footwall rocks. However, little work has been done in the South Range,
which is characterized by greater abundances of mafic metavolcanic footwall rocks.
The footwall rocks of the Cryderman deposit, located in the southeastern corner of
the SIC, consists dominantly of greenschist- to amphibolite-facies massive, amyg-
daloidal, and pillowed metabasalt with minor interlayered arkose/wackes of the Sto-
bie Formation, matrix-supported conglomerate rocks of the Ramsey Lake Forma-
tion, and gabbro-anorthosite bodies of the East Bull Lake-type Falconbridge Intru-
sion, all of which are crosscut by Nipissing gabbro/diorite bodies and NW-trending
olivine diabase dykes. This deposit lies at a major inflection in the Sudbury basin and
is bounded by two major NW-SE displacement faults. The basal contact of the SIC
is vertical to overturned, but most of the deformation has been partitioned into
shear zones, leaving large domains of footwall and Main Mass rocks essentially
undeformed. Mineralization occurs as disseminated, inclusion semi-massive, and
massive sulphides (Po-Pn > Ccp) in brecciated basalt at the SIC-Footwall contact
and within fault zones. Inclusions are heterometric, subangular to rounded, and are
dominantly derived from the adjacent footwall rocks. Petrographic studies and
coarse-beam SEM analyses of breccia matrices suggest that they are Opx-rich mafic
norite, indicating that the host rock is SLNR rather than FWBX. The absence of
FWBX suggests that the temperature of the SIC melt during formation of the brec-
ciated basalt was below the amphibolite solidus (825-950°C), and thus the mineral-
ized breccia resulted from predominantly mechanical erosion of brecciated footwall
rocks by dense, low-viscosity sulphide melt rather than by thermomechanical ero-
sion.

GEOCHEMISTRY AND PARAGENESIS OF MAGNETITE-BEARING
GABBROS FROM THE LAC DES ILES MINE, NORTHERN ONTARIO

Sergio Bautistal, Peter Hollings!, Sarah Dare?, Lionnel Djon3
Lakehead University, 2Université du Québec a Chicoutimi, 3Impala Canada.
E-mail: sbantis1(@lakebeadn.ca

The Lac des Iles suite intrusion comprises several late Archean layered mafic to
ultramafic intrusive bodies; one of them, the mafic to ultramafic Lac des Tles Com-
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plex (LDIC) consists of the North and the South LLDI complexes. The South LDI
Complex was emplaced during a regional collisional orogeny involving the Wabi-
goon-Marmion terrane and the Abitibi Wawa terrane and is made up of four main
magmatic domains (gabbronorite, norite, breccia and norite), with palladium
resources known from the norite domain and the breccia domain, which host the
Lac des Iles palladium mine, a structurally controlled disseminated magmatic sul-
phide deposit. This study is investigating the magnetite-rich segments of the gab-
bronorite domain from fourteen samples in two drill holes. Fe-Ti oxide mineraliza-
tion is dominated by fine- to medium-grained and anhedral magnetite, that is inter-
stitial to pyroxene, which has been altered to chlorite, actinolite and talc, and plagio-
clase that has been altered to sericite and epidote. Petrography of the magnetite has
identified sandwich and granular exsolution textures of ilmenite and some exsolu-
tions of hercynite. The vanadium content of magnetite varies between 6647 and
12,934 ppm. LA-ICP-MS data of magnetite samples along a stratigraphic section
show that vanadium and chromium are highest at the base and present lower con-
centrations towards the top, consistent with a more evolved magma towatds the top.

THE SOURCE OF AURIFEROUS FLUIDS ALONG THE CADILLAC
LARDER LAKE FAULT ZONE

Georges Beaudoin, Benoit Quesne, Christophe Scheffer,
Guillaume Raymond
Université Laval.
E-mail: georges.beandoin@ggl.ulaval.ca

The oxygen and hydrogen isotope compositions of orogenic gold-bearing veins
along the Cadillac Larder Lake Fault Zone (CLLFZ) between Val-d’Or and Kirkland
Lake were documented in detail to unravel the fluid sources and evolution in this
classic orogenic gold vein field. Coexisting vein minerals show common oxygen iso-
tope equilibrium, which yields temperatures between ~250 and ~550°C, typical for
orogenic gold deposits. This enables calculation of the O-H composition of the
hydrothermal fluids in equilibrium with the vein minerals. Equilibrium temperature
covariation with fluid O and H isotope compositions demonstrates mixing of higher
temperature (> 500°C), deep-seated metamorphic fluids with high 8180y, of >
9%o, low SDHZO < —40%uo, with lower temperature (< 250°C) upper crustal fluids
having lower 8“‘OH2() of < 4%o and higher 5DH20 that ranges from 0 to 30%o. Along
the Augmitto-Bouzan segment (Rouyn-Noranda), the vein minerals document a ver-
tical temperature gradient of 30°C per 100 m. Temperature decreases from 420°C
at 700 m depth, to 230°C at 100 m depth, showing the vertical ascent of the deep-
seated metamorphic fluid and mixing with the upper crustal fluids along the
CLLFZ. The metamorphic fluid end-member along the CLLFZ can be subdivided
in two slightly different reservoirs, mixing with a common upper crustal fluid reser-
voir. Along the eastern part of the CLLFZ (Val-d’Or to Malartic) the metamorphic
fluid has 8180,_,20 isotope composition of 9-10%eo, whereas west of Malartic to Kirk-
land Lake, the metamorphic end-member has a heavier composition, with 8130“20
between 11-13%o. The change in metamorphic fluid reservoirs occurs where the
CLLFZ has an inflection in strike, suggesting it controlled fluid reservoir segmenta-
tion. At this location and that of the world-class Canadian Malartic deposit, both
fluid reservoirs overlap; a tantalizing observation. The higher 8150y, , of the Malar-
tic-Kirkland Lake metamorphic fluid end-member likely reflects a higher proportion
of sedimentary rocks in the fluid source area, compared to the eastern Val-d’Or-
Malartic segment. The study shows that the source of the deep-seated metamorphic
fluid can vary along the strike of a crustal shear zone. Mixing occurs along the strike
of the CLLFZ with upper crustal fluids, likely seawater trapped in country rock
pores with a history of water-rock isotope exchange that cannot be distinguished
despite differences in composition of the country rocks hosting the orogenic gold
deposits.
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TRANSITION FROM ARCHAEAN UNSTABLE STAGNANT LID CYCLE
TO PLATE TECTONICS DURING THE PROTEROZOIC: DO MASSIF
ANORTHOSITES RECORD DESTRUCTION OF FOSSIL ARCHAEAN

OCEANIC LITHOSPHERE?

Jean Bédard
Geological Survey of Canada.
E-mail: jeanh.bedard@nrean-rncan.gc.ca

In Archean cratons, granite-greenstone terrains show marked differences to the
products of Phanerozoic Wilson cycles (no ophiolites, no high-P metamorphic
rocks, no passive margins, no blueschists and no evidence for uniformitarian sub-
duction). This has led to alternative unstable stagnant lid interpretations, where peri-
odic mantle overturns generate large volumes of primitive juvenile melt that rework
and remelt overlying crust, forming tonalite-trondhjemite-granodiorite and high-
temperature pyroxene-tonalite plutons. Overturn cells may rift and disaggregate
existing cratons and episodically set deep-rooted cratonic blocks in motion, leading
to leading-edge accretion of unsubductable crust-dominated Archean-style oceanic
lithosphere (ASOL). Compressional thickening of ASOL can generate syn-com-
pressional TTGs and corresponding eclogitic restites. Late Archean continent-
derived sedimentary rocks may also be underthrust, generating late-tectonic sanuki-
toid-type magmas from metasomatized subcontinental lithospheric mantle (SCLM).
After the paroxysmal cratonizing overturns at 2.7 and 2.5 Ga, Earth lapsed into a
stagnant lid phase (Siderean quiet period), with emergent continental blocks forming
extensive passive margin deposits. At about 2.2 Ga, a mantle overturn broke the lid
and set cratonic blocks in motion again, but with significant differences from previ-
ous overturns, as tift zones on a now colder world evolved into spreading ridges fed
by passive depleted mantle upwellings, yielding modern type oceanic lithosphere that
thickens and becomes denser with age, a prerequisite for the formation of active
subduction zones at convergent margins. These characteristic plate tectonic environ-
ments slowly linked up into a world-girdling system during the Proterozoic, but at
the start, most of Earth was likely still covered by near-unsubductable ASOL. Trace
element inversion models applied to Proterozoic anorthosite massifs suggest they
were derived from extensive garnet-field melting of a basaltic source. Plausible
source compositions include depleted arc tholeiites and typical Archean greenstone
successions (i.e. ASOL). This suggests that massif anorthosites may be by-products
of the destruction of ASOL through subcretion and melting beneath drifting con-
tinents. When most of the ASOL was consumed (about 1 Ga), plate tectonic
processes would have accelerated markedly, allowing accretion of ophiolite belts and
formation of blueschists.

A NEW TYPE OF OPHIOLITIC CHROMITE DEPOSIT?

Jean Bédard!, Alana Hinchey2, Dogan Paktunc3, Carl Guilmette?,
Azam Soltanmohammadi!
1Geological Survey of Canada,
2Geological Survey of Newfoundland and Labrador, 3CanMet, 4Laval University.
E-mail: jeanh.bedard@nrcan-rncan.ge.ca

Much of the world’s chromite ore comes from ophiolites. Chromium is a Critical
Mineral needed for metallurgical production. The Canadian Appalachian ophiolite
belt has considerable potential for Cr and may also have PGE potential. Ophiolitic
chromite deposits are subdivided into 5 types. The first three occur within the Thet-
ford-Mines ophiolite and were mined for Cr ore during the two world wars. Types 4
and 5 are developed in the lower crust of the Bay of Islands ophiolite complex
(BOIC) of Newfoundland. Type 1 nodular to massive chromite channel deposits
developed within intra-mantle dunitic feeder pipes and are the most common type
of ophiolitic chromitite worldwide. Type 2 stratiform chromitite-dunite cumulates at
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the base of the crust were deposited within small sill-like magma chambers. Type 3
PGE-rich metasomatic chromitites were injected into higher-level cumulate rocks.
The Hall deposit fills breccias within a discordant metasomatic dunite pipe. At
Starchrome, chromitite occurs together with prominent dunitic dykes and orthopy-
roxenite reaction rims against host websterites. Such deposits likely form by fault-
guided migration of PGE-Cr-bearing fluids expelled from solidifying boninitic sills
in the lower crust. Type 4 are high-Cr/Al reaction rims developed by incongruent
dissolution of pyroxene into melts saturated only in olivine + chromite. They are
concentrated near the MOHO along the top of the lowermost crustal pyroxenites
and are thickened in fold noses. Volumes are small. Type 5 spinel-rich feldspathic
peridotites have not yet been recognized as a Cr ore, but recent observations suggest
this facies may be economic. The low-Cr/Al spinel forms by incongruent dissolu-
tion of plagioclase into melt that is saturated only in olivine + chromite. Field evi-
dence shows that many BOIC olivine gabbro and feldspathic peridotite bodies are
hybrids generated when hot primitive replenishments inject into older gabbroic
rocks and mix with them. Anhedral inclusion-filled spinel occupies dissolution pits
in plagioclase and can make up almost 10% of some rocks. Centimetre-scale
chromitite schlieren likely represent disaggregated reaction rims. The spinel is rela-
tively coarse and could easily be separated from gangue. As Type 5 generally occurs
stratigraphically above Type 4, progressive maturation of this system could generate
ghost stratigraphies (e.g. Philippine deposits). Similar spinel-rich facies are also pres-
ent at Table Mountain, Blow-me-Down, and Lewis Hills. The volume of potential
Type 5 Cr ore may be significant.

SCANDIUM: ORE DEPOSITS, MINERALIZING PROCESSES, AND
EXPLORATION TARGETS

Caitlin M.J. Beland, Anthony E. Williams-Jones
McGill University.
E-mail: caitlin_beland@iamgold.com

Due to numerous technological advances in the acrospace and automotive sectors
and concerns about supply, scandium is now considered a critical metal, making it
the target of significant exploration activity. Scandium is classified as a rare earth ele-
ment (REE) but has a much smaller ionic radius than the lanthanides and yttrium,
and therefore behaves compatibly, particularly in ferromagnesian minerals. Nonethe-
less, scandium is concentrated by a variety of processes involving magmas,
hydrothermal fluids, and surface waters. Indeed, the three deposits in the world that
currently produce scandium (as by-products), Kovdor and Tomtor (Russia) and
Bayan Obo (China), are either magmatic (carbonatite or phoscorite) or formed from
fluids released by carbonatitic magmas. Economic levels of scandium at these
deposits range from ~150 to 800 ppm Sc, and the ore mineralogy is highly vatiable.
There has also been minor historic production from niobium-yttrium-fluorine
(NYF) pegmatites in Madagascar and Norway. Currently, laterite-hosted scandium
deposits are an important focus of exploration, specifically in Australia. A new scan-
dium resource was recently discovered in ferrodiorite of the Kiviniemi mafic intru-
sion, Finland, with an average grade of 163 ppm Sc. Apart from this deposit, and
those in NYF pegmatites, there are no examples of scandium deposits hosted by
alkaline igneous rocks. The newly discovered, Crater Lake syenite-hosted scandium
deposit, in northern Quebec, is the first scandium deposit to have been discovered
in Canada, and the first known scandium deposit in a syenite complex anywhere.
Hedenbergite is the main scandium mineral at Crater Lake, but subordinate propor-
tions of scandium are also hosted by hastingsite. These minerals are concentrated in
a cumulate facies of ferrosyenite. Fractional crystallization from an Fe-enriched
patental liquid, and physical segregation of hedenbergite and hastingsite, were the
main ore-forming processes. Scandium mineralization at the Crater Lake deposit
indicates that alkaline igneous rocks are a largely overlooked but viable exploration
target for this critical metal.
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LOCAL OR GLOBAL OCEAN REDOX SIGNAL? COMPARISON OF
THALLIUM WITH THE MOLYBDENUM AND URANIUM ISOTOPE
SYSTEMS IN THE UPPER DEVONIAN KETTLE POINT FORMATION,
ONTARIO

Natasha Bell, Brian Kendall
University of Waterloo.
E-mail: nchell@umvaterloo.ca

Thallium (T1) isotope data from black shales have been utilized to infer global ocean
redox changes during some Phanerozoic ocean anoxic events and associated mass
extinctions, but it is not well understood how environmental changes within a sedi-
mentary basin can influence shale ¢205T1. In this study, authigenic T1 concentrations
and isotope ratios were measured for black shales of the Famennian Kettle Point
Formation and compared with the molybdenum (Mo) and uranium (U) isotope
paleoredox proxies. An inverse correlation between Mo and U isotope compositions
was previously described for these shales and attributed to changes in dissolved sul-
phide levels in the deep waters of the Chatham Sag sub-basin. Additionally, the pre-
vious compatison of U and Mo enrichment factors indicated some connection
between the sub-basin and open ocean throughout deposition. The stratigraphically
lowest shales have higher ¢205T1, lower 3238U, higher §°Mo and lower concentrations
of these trace metals, suggesting deposition from locally strongly euxinic bottom
waters in a more restricted basin. In the stratigraphically highest shales, the lower
205T1, higher 5238, lower 3%Mo and higher trace metals concentrations reflect local-
ly weakly euxinic conditions and larger dissolved trace metals inventories in response
to a decrease in basin restriction. The intervening shales have intermediate isotope
ratios and trace metals concentrations, reflecting the transition from strong to weak
euxinic environments. A strong inverse covariation (R = —0.75) is observed between
¢205T1 and T1 concentrations for the entire dataset. Using a decision tree previously
developed with data from modern environments, we interpret the e205T1 of the Ket-
tle Point shales to directly capture water column 205T1. Because the inverse Mo-U
isotope correlation precludes interpretation of a global change in ocean redox con-
ditions, we propose that local and regional changes within the semi-restricted
Chatham Sag sub-basin drove the inversely correlated stratigraphic trends in e205T1
and TI concentrations. During deposition of the lower stratigraphic interval, rela-
tively lower regional sealevel and infrequent replenishment from the open ocean
caused low sedimentary Tl enrichment and high ¢205T1, with the regional water col-
umn e205T1 reflecting the dominant T1 inputs from riverine sources into the more
restricted Chatham Sag. Conversely, relatively higher sealevel enabled higher sedi-
mentary Tl accumulation and lower e205T1 ratios that reflect a greater input of Tl
from the open ocean. Our study emphasizes that variation in basin restriction can
produce stratigraphic trends in the ¢205T1 of black shales that are not driven by
changes in global ocean redox conditions.

ASSESSING THE ROLE OF CRYOTURBATION ON INDICATOR
MINERALS IN TILL

Juan Bello Rodriguez!, Georges Beaudoin!, Isabelle McMartin?2
"Université Laval, 2Geological Survey of Canada.
E-mail: jdber! 5@unlaval.ca

In this study located at the Amaruq orogenic gold deposit in Nunavut, northern
Canada, we investigate if the inner motion dynamics in mudboils could fractionate
indicator minerals (IMs) in till profile. We sampled several vertical profiles down to
~1 m depth in two trenches ~1 km down-ice of the deposit, including two profiles
in the central part of well-identified mudboils. Texture and geochemical profiles
were also collected in the two clear-cut mudboils. One mudboil exhibits consistent
matrix grain size along the profile, while the other varies with depth, showing a gen-
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eral trend of increasing silt content down to the permafrost. The geochemistry of
major elements (SiO,, AL,O;, and MgO) and trace metals (Cu, Zn, As, Pb) does not
differ with depth in these two profiles. The heavy mineral concentrate fraction (< 2
mm) of all profile samples contains gold and scheelite. The abundance of these IMs
shows vertical variations that are not consistent along and between all profiles. Like-
wise, the size and morphology of gold grains do not exhibit a consistent trend. Only
the profile in the mudboil with a variation of the matrix grain size reflects a trend
of decreasing gold grain abundance with depth, which coincides with decreasing
proportions of gold grains < 15 um, and of pristine-shaped gold grains. The chem-
ical composition of gold (< 400 um), as well as scheelite and chalcopyrite (0.25-2
mm), was determined by EPMA and LA-ICP-MS. Most of the gold, scheelite and
chalcopyrite crystals are interpreted to be derived from the Amaruq gold deposit.
None of them present systematic vertical trends in chemical composition. In sum-
mary, mudboils show variations in the IM properties (mineral abundance, morphol-
ogy, size and mineral chemistry) at different depths as well as laterally without clear
patterns. The study suggests that cryoturbation processes do not generate a uniform
fractionation of indicator minerals in mudboils.

A NEW MODEL FOR THE TECTONIC EVOLUTION OF THELON
TECTONIC ZONE, CANADA, BASED ON PETROLOGICAL MODELING
LINKED WITH Lu-Hf GARNET AND U-Pb ACCESSORY MINERAL
GEOCHRONOLOGY

Robert Bermanl, Jamie Cutts!, Bill Davis!, Alfredo Camacho?,
Mary Sanborn-Barrie!, Matthijs Smit?
IGeological Survey of Canada, 2University of Manitoba,
SUniversity of British Columbia.
E-mail: jamie.cutts@nrean-rncan.ge.ca

Forming the boundary between the Archean Slave and Rae cratons, the Thelon tec-
tonic zone (Ttz) represents one of the oldest sutures in the Canadian Shield. Long-
standing controversy regarding whether the Ttz formed in a convergent margin or
an intracratonic setting has been resolved via a GEM-supported transect across the
central Ttz, with whole-rock geochemistry and oxygen isotopes demonstrating a
convergent margin setting for the voluminous, 2.01-1.98 Ga Ttz plutonism. Signif-
icant questions regarding the timing and regional extent of metamorphic events, and
the polarity of subduction during Paleoproterozoic evolution of the Ttz have been
addressed by applying quantitative petrological modeling and multi-method
geochronology (Lu—Hf garnet, U-Pb monazite, zircon, titanite) to mid-amphibolite
to granulite-facies metamorphic rocks spanning most of the Ttz. A Grt-Sp-Sil dia-
texite records 2.02-2.01 Ga garnet and monazite growth during > 830°C contact
metamorphism associated with convergent margin plutonism. The most widespread,
1.96-1.90 Ga metamorphism is associated with clockwise P-T paths, indicating it
was driven by crustal thickening. Farlier (1.96-1.92 Ga) and lower temperature (630—
730°C; 6-8 kbar) metamorphism in the eastern Slave craton contrasts markedly with
~860°C (7.5 kbar), 1.91-1.90 Ga diatexites in the central, plutonic rock-dominated,
core of the Ttz. These differences are interpreted to reflect lower versus upper plate
settings, respectively. A contribution of mantle heat (crustal thinning, ridge subduc-
tion?) is suggested by a counter-clockwise P-T path and 885°C (5.7 kbar) recorded
by diatexite associated with ca. 1.9 Ga peraluminous leucogranite emplaced along
the Ttz-Rae craton boundary. We propose a tectonic model wherein the Ttz evolved
at an accretionary margin after Ttz microcontinent (mTtz) rifted off the western Rae
craton at 2.2-2.1 Ga. Plutonism at 2.01-1.98 Ga formed via east-dipping subduction
under mTtz. Following 1.97 Ga collision of the Slave and mTtz, west-dipping sub-
duction produced 1.96-1.95 Ga plutonism in the composite Slave-mTtz upper plate.
Collision of Rae craton with the composite Slave-mTtz at 1.95-1.94 Ga resulted in
crustal thickening, widespread 1.91-1.90 Ga high-grade metamorphism and exten-
sive crustal melting in the central Ttz and main leucogranite belt.
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FUGITIVE DUST MONITORING AND CHARACTERIZATION NEAR AN
ACTIVE GOLD MINE

Eleanor J. Berryman!, Amy Cleaver!, Christine Martineau!, Nicole Fenton?,
Carrie Rickwood!, Philippa Huntsman!
"Natural Resources Canada, 2Université du Québec en Abitibi-Témiscamingue.

E-mail: eleanor. berryman@nrean-rncan.ge.ca

Dust originating from mining operations can carry a significant amount of contam-
inants to the surrounding environment and communities. There are technical chal-
lenges facing available dust-monitoring and analytical techniques, which have limited
information on the spatial distribution, mineralogical make up, and composition of
mine dust. This information is necessary for mines to identify deleterious dust
soutces, allocate dust mitigation efforts, and to inform studies on environmental
impacts. CanmetMINING’s dust monitoring program expands on a broader study
to trace mine dust signatures and their impacts on the ecological environment sur-
rounding mines. This study utilizes Passive Dry Deposition Collectors (Pas-DDs), a
relatively new monitoring method being evaluated for its ability to capture mine dust
and measure atmospheric trace metal deposition around mine sites. The Pas-DDs
captured dust along transects surrounding an active gold mine in northern Quebec.
Polyurethane foam filters were used as the sampling medium and were collected bi-
yearly over a two-year period. Samples were subsequently analyzed for total dust
mass, reactive element chemistry, and major, minor and accessory mineral phases.
Various sample preparation and analytical techniques were evaluated in the determi-
nation of both elemental and mineralogical compositions to ensure results properly
represented the captured dust. To date, the results have provided information on 1)
the relative volume of dust emissions at different locations around the mine; 2) the
mine’s dust footprint; 3) the flux of environmentally significant elements (e.g. As,
Cu, Ni) to the near-mine environment; and 4) the mineral carriers of elements and
their relative abundance in the dust. In addition to improving our ability to monitor
fugitive mine-dust emissions, studies of this nature inform our understanding of
mine dust characteristics and their role in delivering elements of concern into the
ecosystem.

BACK-ARC BASINS: A COMPARISON BETWEEN THE MODERN
OCEAN AND PURPORTED EXAMPLES FROM VENUS AND THE
ARCHEAN EARTH

Erin Bethell, Alan Baxter, Christopher Galley, Mark Hannington
University of Ottawa.
E-mail: ebethel2@unottawa.ca

Back-arc basins are zones of crustal extension located behind the arcs of subduction
zones. The tensional forces responsible for back-arc extension are thought to result
from slab rollback, wherein the steepening angle of a subducting slab causes the
hinge to migrate towards the subducting plate. On present-day Earth, back-arc
basins are commonly found at collisional boundaries between two oceanic plates and
are the sites of significant hydrothermal activity and associated metallogenic
provinces. Back-arc basins have been suggested as potential paleo-environments for
volcanic assemblages within Archean greenstone belts. However, the purported exis-
tence and nature of subduction on Earth during the Archean is a contentious topic.
Arguments against Archean subduction commonly point to the effects of the hotter
Archean mantle on lithospheric rheology and buoyancy. Venus, which has a surface
temperature of 460°C and a hotter lithosphere than present-day Earth, has been
used as an analogue for early Earth tectonics. While there does not appear to be an
active plate tectonic system on Venus, observational and experimental evidence for
subduction has been proposed for several sites across the planet. A notable example
is Artemis Corona, a tectono-volcanic structure with a diameter over 2000 km. Ana-
logue modeling, in combination with geological observations made using radar
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imagery, topography, and gravity data, have led some workers to propose a forma-
tion model involving mantle plume-induced subduction. The topography of
Artemis is characterized by an arcuate trench bounded by an interior rise and outer
flexural bulge. Artemis is associated with significant volcanism, manifested as vol-
canic flow fields and numerous discrete volcanic centres. Analysis of topography
and structural lineaments visible on radar imagery suggests that the interior contains
several rifts connected by transform faults, not dissimilar to the microplate mosaics
observed in modern back-arc basins such as the Lau basin. Artemis may therefore
represent an example of back-arc basin style tectonics associated with plume-
induced subduction. The recognition of back-arc tectonics on Venus, whose hot
lithosphere may be analogous with Archean Earth, would support the interpretation
of subduction tectonics and related crustal signatures in Archean greenstone belts.
In this contribution, we compare the geology of the Lau basin, an example of a
modern oceanic back-arc basin, with Artemis Corona on Venus and discuss the
implications with respect to greenstone belts in the Superior Province of Canada.

REMOTE PREDICTIVE MAPPING OF GOSSANS IN THE MUSKOX
FEEDER DYKE, NUNAVUT

Erin Bethelll, Marie-Claude Williamson?, Eloise Brassard3
1University of Ottawa, 2Geological Survey of Canada, *Université de Sherbrooke.
E-mail: ebethel2@uottawa.ca

Geological mapping in Canada’s North often includes analysis of satellite imagery as
part of remote predictive mapping (RPM) in advance of fieldwork. In large igneous
provinces (LIP), it is possible to resolve smaller features of the local geology using
imagery with sufficiently high spatial resolution (0.5-5 m) to reconstruct the mag-
matic history of the region. Gossans that form from weathering of sulphide and
oxide minerals in the host bedrock can be detected in visible-near-infrared (VNIR)
and short-wave infrared (SWIR) imagery. Most gossans form relatively small surface
footprints but the distinctive yellow orange colours of the oxide cap make them eas-
ily recognizable on PRISMA and WorldView images, for example, depending on the
size of the deposit. The Muskox Intrusion is a layered mafic-ultramafic intrusion
located 90 km southeast of Kugluktuk, near the Coronation Gulf, that is part of the
1.27 Ga Mackenzie LIP. The intrusion was discovered by the Canadian Nickel Com-
pany in 1956 during an aerial reconnaissance survey that detected sulphide-rich gos-
sans exposed along the footwall contacts. A recent study of the geomorphic attrib-
utes and spectral signatures of Baffin Island gossans completed in 2021 demonstrat-
ed the validity of using RPM to detect gossans on a regional scale. Here we use the
same approach to investigate the gossans developed on a local scale along the
Muskox feeder dyke in the Spider-Eider Lakes (SEL) area. The first step in our
analysis is to delimit the bedrock exposures along the feeder dyke using Esri World
Imagery and available geological maps. We then test several image processing meth-
ods to map gossans that were documented in the published literature, including
those mapped in the SEL area at a scale of 1:10,000. WorldView-2 images (0.5
m/pixel) allow more accurate observations of the deposits at a spatial resolution 2.5
times better than provided by Esri World Imagery. Our goals are: (1) to determine
the spectral features of the gossans on a local scale; (2) to subsequently extend the
RPM approach to the entire feeder dyke area (400 km2); and (3) to determine if this
approach is applicable to gossans mapped in areas south of the Muskox Intrusion.
The anticipated result is a first order classification of the SEL gossans based on geo-
morphic attributes and spectral signatures that is integrated with published geo-
chemical data on both fertile and barren gossans. This approach provides a first
order exploration tool in areas with high Ni-Cu-PGE potential, such as the Muskox

Intrusion.

CHARACTERIZATION OF THE ORMAQUE DEPOSIT IN VAL-D'OR,
QUEBEC

Shalaila Bhalla, Bruno Lafrance, Ross Sherlock, Kirk Ross
Laurentian University.
E-mail: sbhalla@/lanrentian.ca

The Ormaque deposit is a new orogenic gold discovery within the renowned Val-
d’Or mining camp in the Archean Abitibi greenstone belt, Quebec. Ormaque is
located 4 km north of the Larder Lake Cadillac Deformation Zone and is in close
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proximity to the historic Sigma-Lamaque mines, where the fault-valve model for
orogenic gold deposits was first proposed. Ormaque differs from other deposits in
the camp by its host lithology, the relative abundance of extensional veins and fault-
fill veins, their orientation, and associated alteration. The deposit is hosted in a por-
phyritic diorite intrusion and consists of E-W flat-lying quartz-tourmaline-carbon-
ate (QTC) extensional veins adjacent to both north- and south-dipping high-angle
ductile reverse shear zones. The QTC veins are surrounded by 2 m wide alteration
halos of tourmaline, calcite, ripidolite, phengite, pyrite * chalcopyrite, and gold,
which are overprinted by 50 cm wide alteration zones of albite, phengite, calcite,
ripidolite, pyrite + chalcopyrite, and gold. Two generations of chlorite are present:
an early regional metamorphic clinochlore and brunsvigite composition and a late
hydrothermal chlorite of ripidolite composition adjacent to the veins. In the tour-
maline alteration zone, gold occurs as micro-inclusions within pyrite and as small
gold grains in fractures associated with Ag and Bi tellurides. In the albite-phengite
alteration zone, gold occupies fractures across albite grains. Two generations of
pyrite are present within the tourmaline alteration halo: inclusion-rich Py-I in the
core and inclusion-free Py-II in the rim. Py-I is enriched in Bi, Te, Se, Pb, Co, Ag,
and Au both within inclusions and in its crystal lattice and is interpreted to have pre-
cipitated from a fluid rich in those metals. Py-II is depleted in those trace metals and
is interpreted to have formed during the growth of a new pyrite around Py-I. The
abundance of extensional veins and near absence of fault-fill veins suggest that the
reverse shear zones were not reactivated as brittle faults during the restoration of
differential stresses and fluid pressures across the shear zones due to intense chlorite
alteration, which weakened the shear zones and prevented the build-up of high dif-
ferential stresses. As fluid pressures became buffered by the formation of extension-
al veins, the shear zones slipped ductilely under the same low-differential stress con-
ditions that resulted in the formation of extensional veins. The results of this study
demonstrate the critical mechanical role played by the host rocks in the formation
of extensional and fault-fill vein systems in the Val-d’Or camp.

MOBILIZING ‘IMMOBILE’ ELEMENTS: IMPLICATIONS FOR CRITICAL
METAL TRANSPORT IN SALINE SYSTEMS IN THE CENTRAL
AFRICAN COPPERBELT

Anna Bidgood!, Murray Hitzman!, Dave Chew?, Helen Twigg!,
Richard Unitt3
rish Centre for Research in Applied Geoscience, 2Trinity College Dublin,
SUniversity College Cork.
E-mail: akbidgood@gmail.com

Kyanite, the high-pressure ALSiO5 polymorph, is traditionally considered a high-
pressure, high-temperature mineral. Common kyanite-forming reactions such as
pyrophyllite or chlorite dehydration take place at ~400°C and > 600°C, respectively.
In this study, kyanite is observed within low temperature (sub-greenschist facies) car-
bonate and carbonaceous siliciclastic lithologies hosted in post-evaporitic breccia.
Kyanite occurs within hydrothermal kyanite-quartz-magnesite-chalcopyrite-mon-
azite veins, within fractures associated with quartz + pyrite, and as porphyroblasts in
host rock lithologies. The occurrence of kyanite in low pressure-temperature rocks
indicates unusual conditions of kyanite growth. Cathode luminescence, laser abla-
tion mass spectrometry, raman spectroscopy, and U-Pb monazite dating are used in
this study to unravel the complex vein paragenesis and characterize the multiple tex-
tural generations of kyanite. The Central African Copperbelt (CACB) is the world’s
primary source of copper and cobalt, producing about 70% of the metal which is
critical for the production of batteries needed to help decarbonize our societies.
Highly saline fluids are associated with extensive mineralization and alteration in the
CACB. Intimate association of kyanite-bearing veins and Cu-sulphide mineralization
indicates that the unusual thermodynamic conditions facilitated the mobility of tra-
ditionally immobile elements such as Al, Ti, and Ge, as well as mobilizing technology
metals such as Cu, Co, and Ni. Understanding the paragenesis of kyanite in relation
to Cu, Ni, and U mineralization at Menda, as well as the unusual thermodynamic
conditions required for low-temperature kyanite growth and Al-mobilization, has
implications for the exploration for technology metals in the CACB, as well as metal
mobility in highly saline systems. Additionally, the interpretation of the vein kyanite-
copper-bearing assemblages in the higher grade metamorphic Domes region of the
Zambian Copperbelt is called into question.
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QUANTIFICATION OF QUARTZ, FELDSPAR, SILLIMANITE, AND
CORUNDUM NUCLEATION DELAY IN A PERALUMINOUS GRANITIC
MELT

Maude Bilodeau, Don R. Baker
McGill University.

E-mail: mande. bilodean@mail.mcoill.c.

The most accepted model for the formation of pegmatites is that they crystallized
from melts undercooled by hundreds of degrees Celsius, but much debate still sur-
rounds their genesis. Having a better understanding of their formation could pro-
vide insight into the processes of magmatic crystallization and may help target
potential deposits of critical metals found in some pegmatites. Peraluminous peg-
matites are common in nature and are mainly composed of sodic plagioclase, K-
feldspar, and quartz. It was therefore surprising when crystallization experiments
performed on a peraluminous granite composition with aluminum saturation index
(ASI) = 1.45 (Mt. Mica pegmatite composition from Maine, USA) produced alumi-
nosilicates and corundum crystals. Crystallization experiments were performed in a
piston cylinder apparatus at 630 MPa by first melting a glass powder (made from the
rock) with 4.5 wt.% H,O at 1100°C for 24 h then cooling below the liquidus to tem-
peratures between 750 and 1000°C and holding the samples at those conditions for
0.3 to 211 houts. Experimental run products were investigated by SEM microscopy,
with EDS analyses of ctystalline and quenched liquid phases, and compated to a
theoretical nucleation delay model based on classical nucleation theory equations,
which show agreement within a factor of 3. These experiments produced corundum
and an aluminosilicate mineral, which is thought to be sillimanite due to the range
of pressures and temperatures at which the experiments were performed, and their
presence is possibly due to reaction relationships between these minerals and the
melt, as seen in the Na,0-ALO;-SiO, and K,0-Al,O5-SiO, systems. The natural
rock lacks these aluminum-rich minerals but peraluminous melts of lower ASI than
our composition have, however, been known to produce stable aluminosilicates in
nature. Experiments performed at the quartz and feldspar liquidus temperature and
durations exceeding 115 hours also produced quartz and spherulites of sodic plagio-
clase. These results contrast with previous work in our lab on a metaluminous
granitic composition with an ASI = 0.96 where quartz and plagioclase nucleated
within 24 hours at similar undercoolings to those used here. The nucleation delays
for peraluminous melts are therefore greater than for metaluminous melts, although
the presence of twice as much K,O in the metaluminous melt may also affect the
nucleation delay. These results demonstrate that compositional differences in high-
silica melts can have an important influence upon nucleation delay times which can
have an important impact and these delays may substantially affect the magmatic
evolution of pegmatitic melts.

WASTE MINING: INVESTIGATING THE ELEMENTAL COMPOSITION
OF LATE CARBONIFEROUS COPROLITES FROM THE JOGGINS
FORMATION

Nikole Bingham-Koslowski!, Melissa Grey?, Peir Pufahl3, James Ehrman2,
Ashley Strauss?
IGeological Survey of Canada, 2Mount Allison University, *Queen’s University.
E-mail: nikole. bingham-kostowski@nrcan-rncan.ge.ca

Coprolites have the potential to offer unique insights into ancient ecosystems and
the organisms that inhabited them. The Joggins Fossil Cliffs UNESCO World Her-
itage Site (Joggins, Nova Scotia, Canada) contains a plethora of Late Carboniferous
(Pennsylvanian) terrestrial and aquatic fossils, the latter of which have been histori-
cally understudied, including abundant fish coprolites in the limestones of the Jog-
gins Formation. Previous work on specimens from the Joggins Formation classified
the coprolites into six morphotypes (conical, cylindrical, irregular, large, small, and
spiral), and these morphotypes were then associated with four trophic levels. As the
various morphotypes represent different trophic levels, and therefore potentially dif-
ferent diets, we hypothesize that the elemental composition of the coprolites should
show a measurable change between morphotypes, and that this should be reflective
of the dissimilar dietary requirements. Our geochemical investigations to date have
employed scanning electron microscopy - energy dispersive X-ray spectroscopy
(SEM-EDS) and laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) to look for elemental discrepancies across the morphotypes with the aim
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of developing novel methodologies for paleontological research, and to provide
additional information on the pootly understood Carboniferous aquatic realm at
Joggins. SEM-EDS, conducted on 42 coprolites including representatives of each
morphotype, detected the presence of three main compounds in some of the
coprolites and the surrounding substrates: FeS,, BaSO,, and ZnS. Of these, FeS, and
BaSO, were noted more frequently than ZnS, and the sulphates/sulphides are not
mutually exclusive of one another. The sulphates/sulphides occur commonly (but
not exclusively) near the boundaries of the coprolites, which could suggest a possi-
ble sulphur-based diagenetic crust. Furthermore, rare occurrences of zircon (sub-
strate) and TiO, (substrate and coprolite) were identified in some samples during the
analyses. An overall examination of the results has produced no obvious relationship
between the presence of FeS,, BaSO,, and ZnS and morphotype/trophic level.
From the 42 samples, 7 were selected to undergo LA-ICP-MS analysis to measure
REE and Y concentrations. Each sample was ablated 15 times and 79 elements were
tested for. The geochemical data underwent statistical reduction via stochiometric
normalization and by normalizing the REE and Y measurements against Post-
Archean Average Shale (PAAS). Preliminary interpretations suggest that certain
samples registered significantly elevated concentrations of REEs and Y, which may
be reflective of different diets, supporting our original hypothesis. However, due to
the limited sample size, additional analyses are needed to verify these results.

A SEQUENCE STRATIGRAPHIC FRAMEWORK FOR THE OMBOMBO
SUBGROUP IN NORTHWESTERN NAMIBIA

Ajani Bissick!, Galen P. Halversonl, Joshua H.E.L. Davies?
IMcGill University, 2Université du Québec a Montréal.
E-mail: gjani. bissick@mail.ncgill.ca

The ca. 775-745 Ma Ombombo Subgroup in the Kaokoveld region of northwest-
ern Namibia was deposited during an eatly extensional phase in the development of
a sedimentary basin on the southwestern margin of the Congo craton during the
fragmentation of Rodinia. Deposition of this mixed clastic-carbonate unit was
strongly influenced by episodic uplift of the inferred “Makalani Ridge”, at the south-
ern outcrop limit of the Ombombo Group. Though characterized by its classic shal-
lowing upward carbonate cycles, recent work in northwestern Namibia has led to the
suggestion that the Devede Formation, the thickest and middle of three formations
in the Ombombo Subgroup, may have been deposited in two distinct environments:
the typical shallow to peritidal environment seen in the southern part of the basin,
and a deeper subtidal setting to the north. In an effort to clarify the early history of
this basin, we have initiated a combined lithostratigraphic, chemostratigraphic, and
geochronological study of the pre-Sturtian Devede Formation of the Otavi Group
in northwestern Namibia. The sequence stratigraphic framework of the Devede
Formation shows the waning and ultimate disappearance of the lower clastic unit
towards the north, consistent with the hypothesis of a southern source. Carbon iso-
tope data from stratigraphic sections measured from south to north in the
Kaokoveld can generally be correlated with confidence, but the correlations break
down in the northern-most studied sections. Here, we use detailed measured sec-
tions to develop a sequence stratigraphic framework for the Devede Formation and
correlate the exposures across the Kaokoveld region, which serves as a template for
constructing a composite carbonate 813C profile. These results may help to under-
stand the regional tectonic context in which the Devede Formation was deposited.
Moreover, as a series of tuff beds also occur in the upper Devede Formation—one
of which has previously been dated—our results may also contribute to the calibra-
tion of the Neoproterozoic carbon isotope record.

CO, INTERACTION WITH FRACTURED ORGANIC-RICH SHALES:
IMPLICATIONS FOR CO, STORAGE

Majid Bizhani!, Omid H. Ardakani!, Yihuai Zhang?, Martin J. Blunt3
IGeological Survey of Canada, 2University of Glasgow, 3Imperial College London.
E-mail: omid.haeriardakani@nrean-rncan.ge.ca

Depleted oil and gas reservoirs and saline aquifers are prime reservoirs for CO, stor-
age; however, recent studies showed that unconventional resources such as organic-
rich shales (e.g. Bakken, Marcellus, and Barnett shales) have significant CO, storage
capacities ranging from 2 to 10 Gt. Shales, due to their abundance and adsorption
capacity, can be a suitable CO, storage reservoir. As CO, in shales stores in an
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adsorbed state, it significantly reduces the CO, leakage possibility. However, the
major challenges for CO, sequestration in shales are injectivity and reactivity. While
shale fracturing is required to overcome injectivity problem in shales, CO, reaction
with shale at the fracture surface and effect on porosity remains controversial. Dif-
ferent shales with diverse mineralogical composition and organic matter content
react differently with CO,. In this study the reaction of organic-rich shale samples
from the Early Mississippian Lower Bakken Formation, one of the major unconven-
tional resources in North America, with CO, was investigated. The reaction of frac-
tured shale samples with injected CO, and brine under high pressure and tempera-
ture conditions was the focus of this study. Non-destructive micron-resolution
three-dimensional X-ray imaging was used to visualize the interaction under in situ
conditions. X-ray diffraction and programmed pyrolysis were performed to better
understand mineralogical and organic matter content and maturity of samples. Our
results indicate that CO, reacts strongly with the host rock causing swelling of the
matrix close to the fracture and manifesting in loss of permeability. High illite and
total organic carbon (TOC) contents of the samples are likely to be the main con-
tributors to the reactivity of the samples with CO,. Fracture volume decreased near-
ly 61% after 36 hours of CO, injection. However, the overall resolvable pore size
distribution was unchanged, indicating limited penetration of CO, into the matrix.
For the second shale sample, we first injected a 1.5 wt.% Nal brine, followed by
CO,. The results show reactivity is significantly reduced in a water-saturated sample.
The results of this study show that in clay-rich shales, interaction with CO, is likely
to lead to matrix swelling and the closure of fractures with a loss of permeability,
which is detrimental to storage in the shale itself; on the other hand, the shale could
provide a good caprock for storage, where fractures close on contact with CO,, pre-
venting leakage.

USING Al TO ADVANCE VHMS EXPLORATION

Britt Bluemel, Michael Cain
ALS GoldSpot Discoveries.
E-mail: brit(@goldspot.ca

Geodata science is an emerging field that combines the art of geoscience expertise
with the (data)science of artificial intelligence and machine learning (ML). The min-
ing industry is critical to successfully accelerating the Green Transition to a low-car-
bon economy and reversing climate change, and volcanic-hosted massive sulphide
(VHMS) deposits are particularly important because they contain high concentra-
tions of critical metals such as copper, zing, silver, and cobalt, among others. The
pace and volume of data acquisition is rapidly increasing in mineral exploration cam-
paigns, at mining operations, and in near-mine environments. Conventional data
processing methods must therefore become more sophisticated to efficiently man-
age this deluge of data, as well as efficiently synthesize and re-evaluate historic data.
Machine learning workflows and machine-assisted modelling will become routine in
the mining value chain; integrating traditional geoscience knowledge with data sci-
ence expertise will be critical to successful management of data, algorithm deploy-
ment and most importantly the discovery of mineralized zones. The most important
components of any successful mineral exploration campaign are a robust geological
map and a realistic geological model that represent the synthesis of field observation
and interpretation of fundamental datasets. Advances in cloud computing have
allowed significant improvements in the field of geophysical data interpretation.
Multi-component electromagnetic survey data can be challenging to interpret with
laborious manual anomaly detection and the typically complex natural responses of
known deposits; innovative ML tools, which use cloud computing processing power,
allow rapid line-by-line peak detection and anomaly matching. Geophysical tech-
niques are highly effective for locating buried massive sulphide deposits, therefore
advances in processing and interpretation of geophysical data can contribute a step
change in our exploration success for VHMS systems. This presentation will show-
case various tools, techniques, and case studies where Artificial Intelligence, Data
Science, and expert geoscientific approaches are combined to enhance our ability to
explore for, and discover, VHMS deposits.
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THE ROLE OF EDUCATION AND OUTREACH PROGRAMS FOR
CHANGING THE NARRATIVE AROUND THE GEOSCIENCES IN
CANADA

Katherine Boggs
Mount Royal University.
E-mail: kboggs@mtroyal.ca

As geoscientists, we know that our expertise is important for designing effective mit-
igation strategies critical for addressing the existential threat of climate change and
the stressors created by increasing population. In Canada, two early earthquake
warning systems are being developed for the west coast of British Columbia and
southern Quebec/castern Ontario; regions with the largest cities in Canada. The
west coast is now within the 300—500 year cycle for the next mega-thrust earthquake.
More GPS instrumentation is needed along coastal regions to monitor glacial isosta-
tic adjustment to determine which communities will need to have infrastructure built
to protect from rising sea levels due to melting glaciers. Critical minerals are desper-
ately needed for reaching NetZero GHG by 2050, while some elements have signif-
icant socio-economic stressors such as Co, Nd and other REEs. Yet the number of
undergraduate geoscience students in Canadian universities dropped by 42% from
2014 to 2021, and shows no signs of increasing, while the numbers of environmen-
tal sciences students remains constant. These dwindling numbers of geoscience stu-
dents reflect the general public’s impression and understanding of the geosciences,
which are perceived as being poor cousins to physics, chemistry and biology (which
for education students are teachables, whereas geology is not), and not really as
viable careers. The decrease in undergraduate geoscience students is a concern for
our professional accreditation body (Geoscientists Canada) because this is already
impacting the geoscience workforce. Here, it is proposed that we geoscientists need
to take control of the narrative about our discipline, perhaps framing our discipline
as “Geoscientists - the stewards of our planet”. Traditionally, Canadian geoscientists
have not focused on effective communication strategies, however, education and
outreach programs (EOP) are foundational for each of the five components of the
proposed model, which requires a general shift towards giving EOP more funding
and respect. The model includes: i) Professional Development - Bridges to Educa-
tion and General Public (design conferences more purposefully to include non-geo-
scientists with specific EOP); ii) Engage Politicians and Policy-Makers (design EOP
to welcome these non-geoscientists to conferences, talks and other events); iif)
Strategic Plans (include EOP as integral components such as in the developing
National Geoscience Research Plan), iv) Community and Outreach Programs (EOP
in UNESCO Geoparks, World Geoheritage sites, museums, national-territorial-
provincial parks to engage families and recruit the geoscientists of the future), and
v) Post Secondary Programs (scientific theatre, summer geoscience camps, promote
our “Rock Stars”).

PETROGENESIS OF THE NEOARCHEAN BARLOW PLUTON
(SUPERIOR PROVINCE, CANADA): AN INTRUSION BETWEEN TWO
SUBPROVINCES

Esther Bou!, Dominique Gennal, Michel Jébrak?, Jean-Frangois Moyen?,
Lucie Mathieu!
WUniversité du Québec a Chicoutimi, 2Université du Québec 2 Monréal,
3Université Jean-Monnet.
E-mail: esther.boul @uqac.ca

In the southern part of the Superior Province, Canada, the contact between the
Abitibi greenstone belt and the Opatica plutonic subprovince is underlined by the
Barlow pluton. The petrogenesis of this intrusion located on a transcrustal structure
has been little studied. The Barlow pluton was emplaced after the series of shorten-
ing events of the Kenoran orogeny. Its elongated shape in E-W trend and the mag-
netic signature tend to reveal a synform structure. The Barlow pluton displays the
characteristic mineralogy and whole rock chemistry of tonalite-trondhjemite-diorite
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suites. This type of magmatism has been previously reported in the region, for
example in the Chibougamau pluton. Rocks are composed of amphibole, clinopy-
roxene, biotite, plagioclase, rare K-feldspar and quartz. They are sodic (Na,O/K,0O
= 0.35) and have fractionated REE patterns ((La/Yb)y = 40). The magmatism of
the Batlow pluton occurred over 5 to 10 million years according to new zircon dat-
ing. The deformed northern tim of the pluton points to a 207Pb/26Pb weighted
mean age of 2703.9 £ 1.1 Ma which is slightly different from the previous age of
2696 £ 3 Ma on the easternmost part of the intrusion. Preliminary results of geo-
barometry on amphibole display a range of mean pressures between 246 to 496 MPa
+ 72 MPa corresponding to the core and the northern rim of intrusion. We con-
clude that the Barlow pluton seems to use a transcrustal structure to ascend toward
the upper crust in several pulses and accommodate the deformation. Future work
will use mineral chemistry to constrain the O, and volatile content of magma and
will estimate its gold content to evaluate the role played by Neoarchean intrusions
in the fertilizing of the gold- endowed Abitibi subprovince.

FORMATION OF PGE- AND SULPHIDE-BEARING CHROMITITES AND
ASSOCIATED ANORTHOSITIC ROCKS IN LAYERED INTRUSION BY
INFILTRATION OF REACTIVE, CI-RICH FLUID

Alan Boudreau
Duke University.
E-mail: boudrean(@duke.edu

Models for chromite + platinum-group element (PGE)-sulphide associations in lay-
ered intrusions range from conventional magmatic to those that envision a substan-
tial role by high temperature fluids. A chromatographic interpretation was previously
presented by Marsh and co-workers, who suggested that chromite can precipitate at
a reaction front as a Cr-bearing (gabbro)norite protolith reacts with a Cl-rich aque-
ous fluid that became progressively undersaturated in pyroxene, leaving an
anorthositic residue, as it moved into the hotter parts of the crystal pile. Chromium
dissolved into the fluid re-precipitates as chromite at a moving reaction front
between the anorthosite and the norite owing to liberation of Mg and Cr from
pyroxene. The chromatographic model for chromitite formation by Marsh and co-
workers has been updated to include sulphide as a possible participating phase. In
the model, the liberation of Fe during the dissolutions of orthopyroxene can drive
concurrent sulphide saturation. Chromium is dissolved largely as a divalent ion in
the CrCI(OH)0 complex at expected temperatures and pressures, whereas chromite
Cr is trivalent. Thus, precipitation of chromite would require an oxidation step in the
precipitation reaction, which can involve S species. An example of the co-precipita-
tion of pyrrhotite and chromite via redox teactions involving solution species
including FeCl,, SO,, and H,S: 6C+CI(OH)0 + 4FeCl, + SO, + 4H,0 = 14HCI +
3FeCr,O, + FeS. If the reaction front encounters an orthopyroxenite, the model
produces a first-order approximation for the Merensky Reef stratigraphic sequence
of anorthosite to chromite + sulphide to orthopyroxenite. In addition, MELTS
modelling shows that the isothermal addition of Cr,O; alone to a nearly solid (gab-
bro)norite assemblage increases the amount of both chromite and liquid at the
expense of other silicate minerals owing to the liberation of Ca, Na, and Si, the latter
two acting as additional fluxing agents. A constitutional zone refining model is pre-
sented in which the Critical Zone magma of the Bushveld Complex, initially saturat-
ed in orthopyroxene + plagioclase * chromite, undergoes a progressive series of
hydration melting and chromatographic segregations to produce the various
orthopyroxenite, chromitite and anorthosite layers over time.

HOW OLD ARE DIAMONDS BENEATH PROTEROZOIC CRATONS?
ANSWERS FROM THE STATE LINE KIMBERLITE DISTRICT,
WESTERN LAURENTIA

Melissa Bowermanl, Suzette Timmerman?, Thomas Stachell,
Graham Pearson!
"University of Alberta, 2University of Bern.
E-mail: bowerman@ualberta.ca

The close association of diamonds and Archean crustal terranes has led to most sci-
entific research and exploration being focused on these regions. One exception to
this association is the diamondiferous State Line Kimberlite District of Colorado,
situated in the Paleoproterozoic Yavapai province. The age of the mantle litho-
sphere beneath the Yavapai province and its tectonic history has been long debated.
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These issues bear on the broader problem of the nature of diamond formation in
Proterozoic cratons and have important implications for understanding the diamond
potential of these terranes. Here, using radiometric dating of silicate inclusions in
diamond from the George Creek kimberlite, we show that diamonds formed in the
Mesoproterozoic likely in response to a tectonothermal event and with the involve-
ment of an Archean source component. A suite of inclusions in diamonds from the
George Creek kimberlite yield a Sm—Nd isochron age of circa 1290 Ma, with 3 inclu-
sions from a single diamond defining an identical isochron age. This diamond
growth age is within error of extensive tectonothermal activity across southern Lau-
rentia, including the 1.5-1.38 Ga Picuris Orogeny and widespread intrusions of
granite at 1.4 Ga. The unradiogenic initial isotopic composition (eyg = —7.5) docu-
ments a contribution from an ancient, enriched component to the mantle protolith
where these diamonds formed. These results confirm a phase of Mesoproterozoic
diamond formation in the mantle lithosphere of the Yavapai province, likely from a
mixed source containing recycled Archean crustal material and younger mantle.
Together, these findings highlight the importance of Proterozoic diamond forma-
tion and provide a new paradigm for diamond exploration in Proterozoic crustal ter-
ranes.

TRACE ELEMENT GEOCHEMISTRY, QUANTITATIVE ANALYSES, AND
ORIGINS OF SPODUMENE AND QUARTZ INTERGROWTH TEXTURAL
GROUPS AT THE TANCO PEGMATITE, MANITOBA

Catriona Breasley!, Lee Groat!, Tania Martins2, Robert Linnen?3,
Desmond Moser3, Emilie Landry3, Aaryn Hutchins?, Claude Deveau?,
Ivan Barker?
1University of British Columbia, 2Manitoba Geological Survey,
3Western University, *Tantalum Mining Corporation of Canada ILtd.
E-mail: chreasley@eoas.ube.ca

The Li-Cs-Ta (LCT) Tanco pegmatite in southeastern Manitoba represents one of
the most economically important and fractionated pegmatitic bodies in the world.
Tanco is one of Canada’s two current lithium-producing mines; spodumene is the
main targeted ore at the deposit and is typically found as spodumene and quartz
intergrowths (SQUI). SQUI is typically thought to have formed via the breakdown
of parental petalite. Evidence of variable spodumene to quartz ratios, iron-enriched
spodumene in SQUI, and the notable lack of significant preserved petalite at Tanco
all indicate that this hypothesis is not sufficient to explain all SQUI origins seen in
the deposit. Thin section petrography, cathodoluminescence (CL), scanning electron
microscopy (SEM), laser ablation inductively coupled mass spectrometry (LA-ICP-
MS), X-ray computed tomography (micro-CT), and electron backscatter diffraction
(EBSD) all provide complementary insights which aid in assessing the origins of
SQUI at Tanco. Thin section petrography revealed five distinct textural groups of
spodumene existing at Tanco: 1) classic SQUI (the most abundant textural variety in
the deposit) as shown by elongated unidirectional texture; 2) micro SQUI with sym-
plectic radial texture, replacing the classic SQUI; 3) equant SQUI, which forms larg-
er, stubby, equant interlocking crystals; 4) primary platy spodumene that is not nec-
essarily associated with quartz; and 5) spodumene that has been remobilized within
the aplitic albite unit. CL imaging revealed a complex internal zonation not seen in
backscatter imagery within the classic SQUI and chaotic internal zonation visualized
in equant SQUL CL also showed that micro SQUI represents a second generation
of SQUI crystallization. LA-ICP-MS results show that the classic and micro-SQUI
are geochemically similar, whereas equant SQUI has a highly variable trace-element
composition. Additionally, LA-ICP-MS results show that the recrystallization of
classic SQUI into micro SQUI involves Cs enrichment and Mn and Sn depletion.
Micro-CT quantitative analyses revealed a highly variable spodumene to quartz ratio
within all SQUI groups. EBSD results highlighted the strong crystallographic orien-
tation of planar spodumene and quartz in classic SQUI and radial symplectic fans in
micro SQUI. The origins of classic SQUI are still debatable, but this intergrowth
could either represent a breakdown of primary petalite or simply a rapidly crystal-
lized otiented growth completely unrelated to petalite. Based on the textural features
observed and CL, EBSD, and LA-ICP-MS results, micro-SQUI is hypothesized to
have formed via a post-crystallization reactive hydrothermal fluid. Equant SQUI is
hypothesized to represent a primary eutectic phase of mineralization due to its geo-
chemical vatiability.
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CALIBRATING THE WISCONSIN: A REVISION OF THE
CHRONOSTRATIGRAPHY OF THE SCARBOROUGH AND
BOWMANVILLE BLUFFS

Michael E. Brookfield
University of Texas at Austin.
E-mail: mbrookfid4@gmail.com

The eastern Great Lakes late Quaternary chronology is based on thermolumines-
cence (TL) and uncalibrated radiocarbon dates from the extensive sections along the
north shores of Lake Ontario. Though the relative stratigraphy of the various units,
based on superposition and cross-cutting relationships is well established, chronos-
tratigraphic assignments for < 55 ka are simply too young. Calibration of the radio-
carbon dates with IntCal20 to 55 ka, gives consistent dates that become progressive-
ly older with time, and which now fit the TL and new optically stimulated lumines-
cence (OSL) dates reported here. These calibrated events also fit the climatic fluctu-
ations of the Greenland Ice Core Project (GRIP) plots. Along the north shote of
Lake Ontario, the supposed Sangamon interglacial Don beds (~80 to 67 ka) can now
be assigned to the warm interstadials of the early Wisconsin Oxygen Isotope Stages
(OIS) 5a (as can the younger phase of the type Sangamon paleosol, OSL dated as
74 to 58 ka), and the underlying York Till to OIS 5b. The ovetlying Scarborough
Formation delta (~60 to 50 ka), Sunnybrook diamicts (~50 to 40 ka), and Thorn-
cliffe sands (~40 to 30 ka) with their incised channels and local tills can be assigned
to the fluctuations of OIS 4 and 3. Further OSL and calibrated radiocarbon dating
are needed to establish an accurate Quaternary stratigraphy for these classic large

and extensive exposures.

THE ORDOVICIAN METEORITE EVENT IN NORTH AMERICA

Michael E. Brookfield
University of Texas at Austin.
E-mail: mbrookfid4@gmail.com

The Ordovician meteor event (OME) was a dramatic increase in the rate at which
meteorites impacted the Earth during the Middle Ordovician at a hundred times
greater rate than at present. This peak is marked by abundant fossil meteorites in
Swedish basal Darriwillian Ordovician limestone (467.5 = 0.28 Ma) and enhanced
concentrations of ordinary chondritic chromite grains in contemporary sedimentary
rocks. It slightly postdates the fragmentation of a 100-150 km-wide asteroid at 468
+ 0.3 Ma, in the biggest asteroid collision in the last 3 Ga, which showered the inner
solar system with debris; one third of all meteorites hitting the Earth today come
from this one soutce. This influx may have triggered the start of the Great Ordovi-
cian Biodiversification Event (GOBE) during the Darriwilian, when global marine
species richness tripled, by seeding the surface of the oligotrophic oceans with inor-
ganic nutrients. Although firmly established in Scandinavia, the OME was unrecog-
nized in North America until recently. But many Ordovician impact craters occut,
though no-one has found impact ejecta or meteorite fragments or investigated chon-
drite chromite distributions in sedimentary rocks (perhaps because they were not
looking - now some people are). Many impact craters give inconsistent ages, due to
post-impact hydrothermal and other effects. Dating their ejecta blankets, which are
subject to rapid cooling and less hydrothermal alteration, using both biostratigraphic
and isotopic methods, might be more promising, but the ejecta blanket deposits
need to be identified.

SNOWBALL EARTH AND CAP CARBONATE DEPOSITS IN
SOUTHEASTERN BRITISH COLUMBIA: WHERE ARE THEY?

Melinda M. Brugman
Monashee Mountains Institute.
E-mail: brugmann(@telus.net

In southeastern British Columbia, glacially derived diamictites from Neoproterozoic
snowball Earth events have been mapped, but so far cap carbonate deposits from
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the subsequent hothouse Earth flip-flop events have not been identified despite
their occurrence elsewhere around the world. This paper will review where snowball
Earth deposits exist in southern British Columbia and what is currently known
about them. The Association for Woman Geoscientists (AWG) visited several snow-
ball Earth deposits and examined evidence for cap carbonate rocks in southeastern
British Columbia during a 2022 geology field trip. The Monk Formation and con-
glomeratic Toby Formation of the Windermere Supergroup and underlying uncon-
formity in the Selkirk and Purcell Mountain ranges, likely were derived from two
Neoproterozoic snowball Earth events between about 720 to 635 Ma ago. The sand-
sized “grit” described for the upper Windermere is interbedded with discontinuous
carbonate- and conglomerate-containing units, which together may reflect progres-
sive deglaciation caused by varying Farth orbital characteristics. The Windermere
“grit” may have originated from increased erosion of barren unvegetated and freshly
exposed deglaciated landscapes due to increased rainfall and storminess. Abundant
angular to subrounded carbonate clasts are exposed in the upper Monk Formation
conglomerate. However, carbonate clasts also exist in the lower Toby Conglomerate,
suggesting erosion of an underlying carbonate layer during each snowball Earth
event. Neoproterozoic deposits of the Windermere above the Monk Formation
conglomerate may record the transition from a full snowball event. There are several
overlying potential cap carbonate layers. So far, no cap carbonate deposits have been
documented in southern British Columbia. Distinctive Precambrian deposits
exposed in southeastern British Columbia—and around the world—track the sensi-
tive interplay between Earth systems, with a methane-charged CO, greenhouse alter-
nating with icehouse events. Each climate flip-flop was preceded by a Great Oxida-
tion Event which further helped determine the evolution of life and the composi-
tion of our atmosphere.

FOREST CARBON SEQUESTRATION ALONG A MAFIC-ULTRAMAFIC
LITHOSEQUENCE

Jerry Burgess
Johns Hopkins University.
E-mail: jerry. burgess@yhn.edn

Eastern deciduous forests represent an important proportion of the North Ameri-
can forest carbon (C) stores and geology can play a major role in forest productivity.
Although the distribution of ecosystem productivity is largely related to variations
in temperature and precipitation, the influence of bedrock lithology can be a dom-
inant control on both above ground and below ground carbon storage. Geologic
control is an often overlooked vatiable to identify the carbon sequestration rate of
various ecosystems and their uncertainty, stability, and sustainability. This work
explored coupled forest inventory data at a local scale, where ultramafic and mafic
parent material are juxtaposed, from thirty random plots including measures of
woody vegetation, edaphic factors, bedrock geochemistry, petrography, and outcrop
fracture density to evaluate some of the community-structuring factors in an area
where ultramafic and mafic bedrock are juxtaposed in the mid-Atlantic area. We
investigated the coevolution of requisite biotic (vegetation dynamics) and abiotic
(bedrock and soil properties) variables that occur over an environmental gradient in
the Mid-Atlantic, USA where multifaceted drivers and mesophication are accompa-
nying afforestation. Here the bedrock consists of a northeast trending group of
undifferentiated serpentinite and other metamorphosed mafic-ultramafic bodies that
may be an extension of the Baltimore Mafic Complex that were tectonically
emplaced into the metasediments of the Wissahickon Formation. Forest carbon
accumulation on mafic units was more similar to other eastern US forests than ultra-
mafic parent material. The bedrock geochemistry as well as the fundamental bedrock
structure (fracture density) functioned as a regulator of wood species productivity
resulting in differential aboveground and belowground biomass and calculated car-
bon storage. These findings suggest that bedrock geology is an important factor to
consider when evaluating ecosystem carbon pools at the regional level. When exam-
ining strategies for forest carbon sequestration, incorporating potential influences of
lithology on forests into management plans may help in meeting carbon policy tar-
gets.
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DISTAL FLOW DEPOSITS: CHARACTERIZING LANDSCAPE
MODIFICATION AND EXTENDED EJECTA ON MARS

James Burley, Livio Tornabene, Gordon Osinski
Western University.
E-mail: jburley6@uwo.ca

This work characterizes landscape modification associated with well-preserved
impact craters on Mars that are often found well beyond the zone of proximal ejecta
in the form of surface flow features [here defined as Distal Flow Deposits/DFDs].
Prior observations and interpretations of ejecta emplacement suggest that the vast
majority of ejecta deposition, and extensive impact-induced landscape modification,
occurs within the proximal ejecta range (~= 5 crater radii of source craters). How-
ever, recent high-resolution imaging reveals that within a region of continuous
deposits surrounding well-preserved craters, beyond what is generally defined as the
continuous ejecta blanket, there appears to be abundant localized flow features.
Thus far, DFDs appear to occur beyond the range of the continuous ejecta and both
respond to and modify target terrains which surround primary craters. First identi-
fied at Hale crater, distal flow features have since been described at a total of 4
craters, namely Noord, Resen, and an unnamed ~9 km crater in Noachis Terra (-
29.405°N, 351.319°E). While radially extensive distal ejecta deposits have been
reported around other craters based on radar and other datasets, these studies uti-
lized image resolutions too coarse for comprehensive DFD characterization. Due to
the ubiquitous nature of impact cratering as a planetary surface process, recognizing
and constraining the extent of deposition and modification produced by impacts is
necessary to ensure the accuracy of any geomorphological assessments made on
cratered surfaces. Therefore, we have sought to expand the identification of DFDs
for further characterization. This work uses visible/neat-infrared (VNIR) from
HiRISE, CaSSIS, and CTX, as well as thermal infrared images from THEMIS to
characterize and determine the nature, extent and origin of these DFDs. We have
expanded DFD identification and analysis to 4 new candidate craters (~3 km, 0.83°,
319.77°% ~11.5 km, —35.2°, 201.6% ~12 km, 4.45°, 106.8°% ~19 km, 4.95°, 21.78°). In
addition to morphologic characterization and detailed mapping of distal flows using
visible and thermal infrared images, slope data derived via stereo photogrammetry
helps determine modes of emplacement and the state/conditions of a substrate at
the time of mobilization. DFDs consistently express one of two morphologies at all
candidate sites observed to date; both types are consistent with outward [from can-
didate crater] mobilization of material as diffuse ground flows and are inconsistent
morphometrically with gravity-dominated dry flow regimes (e.g. dust avalanches
resultant form seismic shaking). The results of this work expand our understanding
of impact processes and the evolution of surfaces on Mars.

ANALYTICAL CHALLENGES OF CRITICAL MINERAL EXPLORATION:
REFERENCE MATERIALS AND THE DEMONSTRATION OF ACCURACY

Marcus Burnham, Evan Hastie
Ontario Geological Survey.
E-mail: marcus.burnham@ontario.ca

The research and exploration for Critical Minerals presents numerous analytical
challenges, both for whole-rocks and constituent minerals. Most obviously, the suites
and concentrations of many of the elements of interest are outside those of routine
lithogeochemical analysis and many elements can be present in hard to dissolve
phases, at concentrations beyond the proven solubility limits of preparation tech-
niques, or in association with elevated concentrations of interfering components.
Less considered, but potentially more important, is the difficulty in proving the accu-
racy of many Critical Mineral analyses owing to the paucity of inter-laboratory ref-
erence materials with assigned concentrations and/or matrices that match Critical
Mineral exploration samples and the failure of many inter-laboratory proficiency
tests to assign values for many trace Critical Minerals in either routine or mineralized
samples. Whereas this issue is acute for analyses of elements such as Cs, Ga, Ge, Sc,
and possibly Zr, for which there are no more than a handful of inter-laboratory ref-
erence materials whose concentrations or matrices approach those in mineral
deposits, it could be considered critical for Te, for which the most enriched materials
available (two CANMET Cu concentrates with 60—70 ppm Te ) fall short of the >
100-200 ppm production levels in some deposits. To demonstrate accuracy during
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the analysis of Te at elevated levels in gold and/or base-metal mineralized samples
collected as part of the Ontario Critical Minerals Strategy, a round-robin character-
ization was carried out using selected Te-rich Mineral Resource Branch (MRB) in-
house quality control materials and an in-house quality control material prepared
from newly collected Te-rich Au ore (MMTe-1). Because the matrices and Te con-
tents of these materials represent those expected in a range of different deposits,
they allow validation and/or quality control of methods to considerably higher con-
centrations (> 350 ppm Te) and in a variety of mineralization styles.

ENVIRONMENTAL AND MINERALOGICAL CONTROLS ON
BIOSIGNATURE PRESERVATION IN MAGNESIUM CARBONATE
SYSTEMS ANALOGOUS TO JEZERO CRATER, MARS

Teanna Burnie!, Ian Power!, Carlos Paulo!, Hiilya Al¢i¢ek2, Luisa Falcon3,
Yongjie Lin¢, Siobhan Wilson5
ITrent University, 2Pamukkale University,
SUniversidad Nacional Auténoma de Mexico, 4University of Cambridge,
SUniversity of Alberta.
E-mail: zanpowen@trentu.ca

Jezero Crater on Mars is a paleolacustrine environment where Mg-carbonates may
host evidence of ancient life. To elucidate the environmental and mineralogical con-
trols on biosignature preservation, we examined samples from five terrestrial ana-
logues: Lake Salda (Turkey), Lake Alchichica (Mexico), Qinghai-Tibetan Plateau
(China), Mg-carbonate playas (British Columbia, Canada), and a mine with fine-
grained ultramafic tailings (Yukon, Canada). Samples ranged from aragonite
(CaCO3) to hydromagnesite [Mgs(CO;)4(OH), 4H,0] dominated. Aragonite-rich
samples from Alchichica, the Mg-carbonate playas, and the ultramafic mine con-
tained an abundance of entombed microbial biomass, including organic structures
resembling cells, whereas hydromagnesite-rich samples were devoid of microfossils.
Aragonite often precipitates subaqueously where microbes thrive, thereby increasing
the likelihood of biomass entombment, while hydrated Mg-carbonates typically
form by evaporation in subaerial settings where biofilms are less prolific. Magnesite
(MgCO,), the most stable Mg-carbonate, forms extremely slowly, which may limit
the capture of biosignatures. Hydrated Mg-carbonates are prone to transformation
via coupled dissolution-precipitation reactions that may expose biosignatures to
degradation. Although less abundant, aragonite is commonly found in Mg-carbonate
environments and is a better medium for biosignature preservation due to its fast
precipitation rates and relative stability, as well as its tendency to form subaqueously
and to lithify to form rock. Consequently, we propose that aragonite be considered
a valuable exploration target on Mars.

EXAMINING MICROSTRUCTURES ALONG THE MURRAY FAULT ZONE
FROM BLIND RIVER-MASSEY, ONTARIO, CANADA: POSSIBLE
IMPLICATIONS FOR REGIONAL DEFORMATION

Maxwell J. Cain!, Evan C.G. Hastie2, Alexander L. Peacel!
McMaster University, 20Ontario Geological Survey.

E-mail: cainm2@memaster.ca

Despite the decades of research and mapping within the Southern Province of the
Canadian Shield, the evolution of the Murray Fault Zone (MFZ) and its relationship
with regional deformation and metamorphism remains elusive. Characterized as
being steeply south-dipping and trending WNW near Sault St. Marie to ENE near
Sudbury, the MFZ is a prominent structute in the Southern Province that has likely
undergone a complex, polyphase evolution. Peak metamorphic conditions and pri-
mary reworking of major structures within the Southern Province have long been
attributed to the 1890 to 1830 Ma Penokean Orogeny. However, evidence of large-
scale deformation events both pre- and post-Penokean recorded in the Southern
Province suggests a complex tectonometamorphic timeline in the region requiring
further investigation. Additionally, it has been postulated that the influence of the
Penokean Orogeny in the Southern Province has been overestimated. Particularly,
there is a lack of definitive evidence linking the Penokean to activity along the MFZ.
As such, it is important to reconsider how the MFZ has evolved through time to
increase our understanding of the regional geology. Here, we systematically identify
styles of deformation using data collected from outcrops along the MFZ and sam-
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ples at multiple scales. Four roadside outcrops of the McKim Formation of the
Huronian Supergroup were selected along Highway 17 between Blind River and
Massey in Ontario, Canada. Kinematic indicators observed at the outcrops suggest
both an oblique dip-slip event and a dextral strike-slip event. These findings are con-
sistent with previous interpretations of the MFZ being a listric thrust fault which
was then reactivated as a dextral strike slip fault. The maximum compressive stress
directions obtained from observations across all samples suggest NW-SE, SW-NE,
and W-E shortening. A bulk shortening direction of NW-SE is consistent with pre-
vious independent observations. The other observed compressive directions possi-
bly provide new insights into deformation experienced along the MFZ. These
results are important as they help to constrain our understanding of the deforma-
tional history of the MFZ. Further, understanding the deformation history in this
region of the Canadian Shield may facilitate locating economically significant ore
deposits as deformation episodes may provide both spatial and temporal constraints
on key mineralization events.

STRUCTURAL EVOLUTION OF THE MAGINO GOLD MINE, WAWA
SUBPROVINCE, ONTARIO: AN OVERPRINTED ARCHEAN INTRUSION-
RELATED DEPOSIT

Ian Campos, Bruno Lafrance, Ross Sherlock
Laurentian University.
E-mail: zcampos@lanrentian.ca

The Magino gold mine is located approximately 40 km northeast of the town of
Wawa, within the Michipicoten greenstone belt of the Archean Wawa subprovince.
It is a past-producing underground mine being redeveloped as a large tonnage open
pit gold deposit with proven and probable reserves of 2.4 Moz of gold at a grade
of 1.15 g/t Au. Gold mineralization at Magino is primarily hosted in the Webb Lake
stock, a steeply dipping ca. 2724 Ma tabular multi-phase tonalitic intrusion. The
Magino deposit underwent three episodes of ductile deformation (regional D,, D,
and D,) and two pre- to syn-tectonic auriferous alteration events (Au; and Au,;
respectively). N-S-directed shortening during the D, event produced a steeply dip-
ping WSW-ENE-striking flattening regional cleavage (S,) which overprints the
deposit. The Dj event resulted in localized dextral shear zones and reactivation of
D, fabrics, whereas the D, event produced recumbent F, folds and associated axial
planar, flat-lying crenulation cleavage (S,). The Au; event comprises early intrusion-
related, disseminated phengite/muscovite-quartz-pyrite alteration and associated
sheeted to stockwork-style, molybdenite-bearing sugary quartz (SQ) veins (pre-
regional D, event). The intrusion-related SQ veins are cross-cut by quartz-feldspar-
phyric dykes, which are both transposed and boudinaged along S,. The Au, event
comprises N-S-trending orogenic quartz-carbonate-tourmaline (QTC) veins with
albite-paragonite-ankerite-pyrite selvages (syn-regional D, event). The orogenic
QTC veins cross-cut Au, veins and the S, foliation. QTC veins were emplaced syn-
to late-D,, and are deformed within D, high strain zones, D; dextral shear zones,
and D, high strain zones. These structures are overprinted by metamorphic miner-
als, suggesting that alteration and mineralization formed prior to peak metamor-
phism. Late, sinistral E-side-up faulting along Matachewan(?) diabase dykes further
modify and offset mineralization. Magino is an excellent example of a paragenetical-
ly complex Archean intrusion-related system which has been overprinted by defor-
mation, orogenic-style mineralization, and metamorphism.

MULTIPLE PERIODS OF STRUCTURALLY CONTROLLED
EXHUMATION IN THE NONACHO LAKE AREA OF THE
SOUTHWESTERN RAE CRATON, NORTHWEST TERRITORIES

Rebecca Canam!; Dan Gibson2, Dawn Kellett3, Edith Martel!
Northwest Territories Geological Survey, 2Simon Fraser University,
3Geological Survey of Canada.

E-mail: rebecca_cananm(@gov.nt.ca

The structural and thermal evolution of the southwestern margin of the Rae craton,
exposed in the Nonacho Lake area of the southeastern Northwest Territories, is
pootly understood due to a paucity of previous geological mapping and study.
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Detailed bedrock mapping, microstructural analysis, U-Pb zircon geochronology,
U-Pb titanite and apatite petrochronology, and “Ar/3Ar thermochronology were
used to constrain the kinematics and timing of deformation of major structures in
the Nonacho Lake area, as well as to document the exhumation history across the
southwestern Rae craton. Field observations and microstructural analysis indicate
two distinct groups of shear zones in the Nonacho Lake area: the “Western” group,
comprising the King, Magrum and Noman shear zones, and the “Eastern” group,
consisting of the Tejean, South Gray, and Gray Lake shear zones. The Western shear
zones dip steeply to the northwest and display a sinistral sense of shear, whereas the
Eastern shear zones dip steeply to the southeast and display dextral shear sense. The
integration of microstructural and geochronological constraints highlights two
major periods of deformation localized along the shear zones in the Nonacho Lake
area. An early Paleoproterozoic episode at ca. 2290-2160 Ma is recorded in the King
and Magrum shear zones and a late Paleoproterozoic ca. 1830—1790 Ma transten-
sional shearing event is recorded in all the shear zones analyzed in this study.
WAr/3Ar thermochronological results indicate that cooling in the Nonacho Lake
area was domainal but generally occurred from ca. 1890-1790 Ma, with the excep-
tion of a few domains that also record an earlier ca. 2400-2200 Ma cooling history.
The temporal coincidence of shear zone movement and cooling across the south-
western Rae craton supports a model of structurally controlled cooling and exhu-
mation. The two periods of structurally controlled exhumation are broadly coinci-
dent with the late- to post-Arrowsmith Orogeny and the late stages of the Trans-
Hudson Orogeny.

GREENPEG’S EUROPEAN SPECTRAL LIBRARY: CONTRIBUTIONS TO
PEGMATITE EXPLORATION

Joana Cardoso-Fernandes, Douglas Santos, Catia Rodrigues de Almeida,
Alexandre Lima, Ana C. Teodoro
University of Porto.
E-mail: joana.fernandes@fe.up.pt

To face the current global challenges, there is a need for new approaches to identify
critical mineral commodities, essential for the energy transition, while reducing the
impacts of exploration. Pegmatites can be exploited for strategic mineral commodi-
ties such as high-purity quartz to be used in optics, fibers, semiconductors, solar
energy, and lithium for electric mobility/renewable energy storage. The spectral
database was built in the frame of the GREENPEG project (https://www.green-
peg.cu/) which aims to develop multi-method exploration toolsets for the identifi-
cation of European, buried, small-scale pegmatite ore deposits of the Nb-Y-F
(NYF) and Li-Cs-Ta (LCT) chemical types. The GREENPEG project also aims to
enhance European databases of petrophysical and reflectance properties, for exam-
ple adding new data on the properties of pegmatites and their green raw materials,
including their spectral signature obtained through reflectance spectroscopy studies.
The spectral reflectance database presents several advantages and high added value
when compared with the already available datasets: (i) it is the first database of this
kind built at a European scale; (ii) it includes samples from distinct pegmatites with
different mineralogy, structure, host-rocks, and genesis (anatectic and granite-relat-
ed); and (iii) it is the first open database providing data on pegmatites of the NYF
chemical type. Samples include LCT- and NYF-type pegmatites and host rocks from
pegmatite locations in Austria, Ireland, Norway, Portugal, and Spain. The database
contains the reflectance spectra (raw and with continuum removed), sample photo-
graphs, and main absorption features automatically extracted by a self-proposed
Python routine. Whenever possible, spectral mineralogy was interpreted based on
the continuum-removed spectra. The reflectance spectra stored in the database can
therefore be utilized for satellite image processing such as image classification in the
early stages of pegmatite exploration. Cutrently, the spectral library is being used for
the processing of Worldview-3 images over the Tysford (Norway) case study. The
reported spectral mineral assemblages can also be of interest when considering
resoutce estimation or ore processing. Thus, it is expected that this open dataset,
available on the Zenodo platform, (https://doi.org/10.5281/zenodo.6518319), will
be a reference for distinct types of users ranging from academia to industry.

https://doi.otg/10.12789/geocan;.2023.50.200
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UNRAVELING THE GEOLOGICAL HISTORY OF THE FENELON GOLD
DEPOSIT, QUEBEC

Joy Carter, Daniel Gregory
University of Toronto.
E-mail: joy.carter@mail.ntoronto.ca

The Abitibi Greenstone Belt is the most important gold-producing area in Canada
and one of the most important globally. Until recently, the primary focus of explo-
ration endeavors has been in the southern Abitibi due to abundant rock exposure at
surface. Increasing effort is now being expended to explore the northern Abitibi,
which has a high probability of containing undiscovered mineral wealth. The
Fenelon Gold deposit, situated along the Sunday Lake Deformation Zone in the
northern Abitibi, is the focus of this research project. This study utilizes a combina-
tion of geochronology, whole-rock geochemistry, and sulphide mineral chemistry to
characterize and unravel the timing of the formation of the host rocks and the min-
eralization at the Fenelon Gold deposit. TIMS and LA-ICP-MS analyses of zircon
were used to date the Jeremie Diorite and the surrounding sedimentary rocks which
are the main hosts to the gold mineralization. A gold-bearing vein was age dated
using Re—Os techniques. LA-ICP-MS analysis of pyrite from the mineralized zones
established a relationship between sulphide and gold precipitation. These results
were combined to propose a genetic model for the Fenelon Gold deposit. The
results of this study enhance the geological understanding of the Fenelon Gold
deposit and will significantly contribute to its resource expansion and exploration in
the surrounding belt.

SULPHIDE REPLACEMENT BY OXIDES: MOBILIZATION OF Ni AT THE
CRAWFORD DEPOSIT, NORTHERN ONTARIO

Nathan Carter, Pedro Jugo
Laurentian University.
E-mail: ncarter!@/lanrentian.ca

The Crawford deposit, located within the 2730-2724 Ma Deloro Assemblage of the
Abitibi greenstone belt, contains nickel, cobalt, and PGE mineralization. The
deposit is located 42 km north of Timmins. It is hosted by a partially serpentinized
dunite-peridotite body that lacks surface exposure and was identified through geo-
physical surveys and drilling. The deposit is divided into two zones by a steep region-
al NNW-trending strike-slip sinistral fault. The main west zone trends west-north-
west and is 1.9 km long and 280-580 m wide, whereas the east zone trends east-west
and is 2.6 km long and 200-350 m wide, both extending to ca. 800 m depth. Both
zones have complex sulphide, oxide, Ni-alloy, and PGM mineral assemblages. The
study aims to understand the mineral assemblages’ paragenesis and textural relation-
ships determine the effect of the fault on alteration and metal distribution, and iden-
tify characteristics that can be used to advance exploration of similar deposits. Sixty-
eight samples from five drill holes were collected, representing the deposit’s main
lithologies (fifty-three dunite, eight peridotite, two pyroxenite, four talc-ultramafic
rocks, and one gabbro). The samples were selected based on the contrast between
the most and least mineralized horizons per drill core. Petrography, SEM, and LA-
ICP-MS are being used to study alteration, mineralogy, textures, mineral associa-
tions, and mineral chemistry. Preliminary results show that the dunite is composed
of adcumulate olivine, with less than 5% pyroxenes and primary oxides, that have
undergone serpentinization ranging from 30% to 100%. Samples near the fault are
the most serpentinized, whereas samples distal to the fault have abundant primary
olivine, with iddingsite alteration mostly around cracks, but are much less serpen-
tinized. Preservation of sulphide assemblages is consistent with the degree of ser-
pentinization and displays a progression from mostly ptrimary sulphides to sulphides
that are corroded and replaced by secondary magnetite near the fault, leaving isolat-
ed residual sulphide pockets within secondary magnetite as well as magnetite rims on
primary oxides (chromite). Awaruite and native copper have been documented in the
property during core logging, and the suite of samples collected has more awaruite
than native copper, as rims of variable thickness replacing primary sulphides or as
micrometre-scale disseminations in serpentine. Reconstruction of the desulphuriza-
tion reactions and their proximity to the fault, degree of serpentinization, and grade
distribution will help understand the mineralization’s origin at Crawford and provide
guidance for exploring similar deposits in the district.

http://www.geosciencecanada.ca
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COMMODITY OVERVIEW OF CRITICAL MINERALS IN VMS DEPOSITS

Tarryn K. Cawood, Jan M. Peter
Geological Survey of Canada.
E-mail: cawood. th@gmail.com

Volcanogenic massive sulphide (VMS) deposits are primarily exploited for Cu, Pb,
and Zn, along with Au and Ag in some cases. However, they are also potentially sig-
nificant sources of the critical minerals (CMs) Bi, Co, Ga, Ge, In, Sb, Sn, and Te, and
are known to host the CMs Mn, Mo, and Ni. These CMs, however, are rarely includ-
ed in production data or resource estimates, and are typically only recovered during
processing, by which time concentrates from multiple deposits across the globe may
have been combined for smelting, There are thus few data available regarding the
total resources of CMs hosted by VMS deposits, in Canada and elsewhere, or their
distributions between and within districts and deposits. Estimating the total
resources of CMs in VMS deposits will require new, bulk analytical data for numer-
ous deposits, augmented by proxy estimates based on known resources and CM con-
tents of host minerals. In addition, because many CMs were not traditionally target-
ed during mining, and their recovery was not prioritized during ore processing, sig-
nificant quantities may be present in the mine waste of some deposits. Resource esti-
mates for these tailings should, therefore, also be considered. Estimating what
amount of these CMs are potentially economically extractable will require in-depth,
representative deportment studies to understand their distribution and occurrence in
various mineral hosts. For example, indium in VMS deposits may occur in sphalerite
or chalcopyrite, whereas Co is hosted primarily by pyrite, with lesser amounts in
pyrrhotite or sphalerite, or in rare Co-rich phases such as cobaltite. Within their host
minerals, CMs may occur as lattice substitutions or micro- to nano-scale mineral
inclusions, with implications for the processing required to extract them: metallurgi-
cal extraction using hydro- or pyrometallurgy for the former, or sufficiently fine
milling for the latter. Furthermore, CMs from VMS deposits are typically produced
as by-products, so their availability will be governed by demand for their associated
main-product elements. For example, the supply of Ge is linked to the demand for
Zn, because Ge is predominantly hosted by sphalerite, and only extracted as a by-
product of sphalerite processing. Finally, targeted exploration for specific CMs will
require knowledge of the controls on their district- to deposit-scale distributions.
For example, existing data suggest that In may reach greater values in VMS deposits
with a significant magmatic input, whereas Co is highest in deposits formed at high
temperatures (> 300°C) and hosted by mafic to ultramafic lithologies.

BIOGEOCHEMICAL CHARACTERISTICS OF POLYACRYLAMIDE-
TREATED THICKENED TAILINGS AT AN OIL SANDS MINE

Emily Champion!, Matthew Lindsay!, Anya Batycky?, Ania Ulrich?
"University of Saskatchewan, 2University of Alberta.
E-mail: ensily.chanpion1996@gmail.com

Fluid tailings are a by-product of bitumen extraction at oil sands mines in northern
Alberta, Canada. The slow settlement and dewatering behaviour of these clay-rich
tailings has prompted development of various treatment technologies intended to
accelerate dewatering and facilitate progressive reclamation, thereby curbing indus-
try-wide growth of fluid tailings inventories. Although polyacrylamide (PAM) is
commonly used to accelerate dewatering, little is known about the biogeochemical
implications of this flocculant within treated tailings deposits. Previous studies have
observed that organic carbon and nitrogen contributed by PAM stimulates microbial
activity, which could thereby influence water chemistry and gas production. Our
research integrates geochemical, isotopic, mineralogical, and microbiological tech-
niques to examine biogeochemical implications of PAM addition within a commer-
cial scale treated tailings deposit. We obtained samples of PAM-treated tailings from
eight locations along two transects of this deposit. Within an anaerobic chamber, we
extracted pore-water at ~0.3 m depth intervals over the ~5 m deposit and collected
corresponding solids for analysis. We immediately measured various parameters (i.c.
pH, Eh, EC, alkalinity, NH;-N, NO;-N, NO,-N, and H,S) and collected samples for
elemental (i.e. PAM, inorganic anions, major elements, trace clements), gas (i.c.
COyg> CHygg), and isotopic (i.e. 2H-H,0, 8130-H,0, §3C-DOC, 813C-DIC, 835~
SO,) analyses. Our results indicate that pore water within these treated tailings is
generally consistent with fluid tailings deposits, which typically exhibit alkaline pH
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(i.e. 8-9) and slightly elevated concentrations of major elements (e.g. Na, Cl). Dis-
solved H,S and CH, concentrations were generally low and PAM concentrations
were consistently below method detection limits. Isotopic and geochemical analyses
provide additional insight into carbon and nitrogen cycling within these treated tail-
ings. Although 813C-DOC and 813C-DIC values suggest PAM contributes to pore-
water DOC, variations are generally within the range previously reported for the
McMurray formation. While dissolved nitrogen species typically occur at low con-
centrations, the presence of measurable NO,-N, NO;-N, and NH;-N may reflect
complex nitrogen cycling. Our results offer new insight into biogeochemical
processes in PAM-treated tailings deposits at oil sands mines in northern Alberta,
Canada.

SEDIMENTARY MANGANESE DEPOSITS AS A RECORD OF LATE
PALEOZOIC OCEANIC ANOXIA

Fangge Chen'?, Peir K. Pufahl?, Edward J. Matheson3, Qingfei Wang!
1China University of Geosciences, 2Queen’s University, *Cape Breton University.
E-mail: fe27@quneensu.ca

Many marine Mn deposits are composed of rhodochrosite (MnCO3) and kutno-
horite (CaMn[COjs],). These Mn carbonates are traditionally interpreted to form
through the diagenetic reduction of depositional Mn-oxides. Such oxides are inter-
preted to reflect bottom water oxygenation, whether transient in restricted basins or
due to a rising redoxcline in shelf environments. In this study, we propose that the
enrichment of the relatively uncommon Mn calcite (Ca,Mn; ,CO;, x > 0.5) provides
previously unrecognized insights into the origin of Mn deposits, particulatly the
redox conditions under which they form. Our results suggest that Mn carbonates
accumulated under low oxygen levels, not the previously interpreted oxygenated
conditions. As such, the relation of these Mn deposits to regional oceanic anoxic
intervals merits renewed investigation, especially during periods of Mn carbonate
deposition in well-oxygenated global oceans, such as the late Paleozoic. Late Devon-
ian (~360 Ma), Early Carboniferous (~350 Ma), and Early Triassic (~250 Ma). Mn
deposits in the South China Block were studied to address this. Ce anomalies com-
bined with V, U, and Mo enrichments suggest that the Mn carbonates precipitated
under suboxic to anoxic conditions. The Mn calcite encases dolomite thombs (< 10
um) or aggregates, indicating a heterogenous nucleation, supported by similar lattice
parameters of both minerals with small lattice mismatch (< 2.1%). Dolomite nuclei
show peaks near D and G bands (1350 and 1580 cm-!), indicating an organogenic
origin. This is consistent with 813C values (averaging —2.65 %o) that are slightly lower
than coeval seawater (~0 %o), suggesting incorporation of 12C during microbial res-
piration of sedimentary organic matter. The Mn carbonates generally accumulate on
distal shelves and are interbedded with lime mudstone and heterozoan carbonates.
This geochemical and sedimentologic evidence suggests coastal upwelling that deliv-
ered nutrient-rich and manganous deep-water to the shelves. The absence of Mn in
shallow facies excludes terrestrial Mn. Instead, Eu/Eu* ratios (< 1.5) suggest long-
range transport of hydrothermal Mn, during which hydrothermal signals were
muted due to mixing with ambient seawater. The transport of hydrothermal Mn to
shelves indicates that at least the regional deep oceans at the time must have been
suboxic to anoxic, as Mn2* would be easily oxidized and become insoluble under
oxic conditions, preventing its long-distance transport. Hence, these Mn deposits
record at least regional recurrent deep-ocean oxygen-depletion during the late Pale-
ozoic and Early Triassic. The recognition that this periodic anoxia was broadly
coeval with anoxia-related biotic crises suggests a potential relationship between the
two, a possibility that merits further evaluation.
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MESO-NEOPROTEROZOIC MAFIC MAGMATISM INDICATES
TECTONIC TRANSITION FROM CONTINENTAL RIFTING TO
SUBDUCTION IN THE SOUTHWESTERN YANGTZE BLOCK, SOUTH
CHINA, DURING RODINIA ASSEMBLY

Fenglin Chen'?, Xiaozhuang Cui3, Shoufa Lin2, Jian Wang*
1Chengdu University of Technology, 2University of Waterloo,
3China Geological Survey, ‘Southwest Petroleum University.
E-mail: 28chen@gmail.com

The late Mesoproterozoic to early Neoproterozoic (1.2-0.9 Ga) is a critical time for
the global-scale assembly of the Rodinia supercontinent. To better understand the
tectonic processes of South China with respect to the assembly of Rodinia, an inte-
grated dataset of geochronology, whole-rock geochemistry and Sr-Nd-Hf isotopic
compositions for late Mesoproterozoic to early Neoproterozoic mafic rocks in the
southwestern Yangtze Block is herein presented. The mafic rocks consist of two
groups. Group 1 gives zircon U-Pb ages between 1167 and 1138 Ma. They are
tholeiitic basalts in composition, slightly enriched in LREE with (La/Yb)y ratios of
2.87-3.99, and show E-MORB-like trace element patterns with positive Nb-Ta
anomalies. They exhibit positive zircon ey values from + 9.4 to + 13.7 and whole-
rock eyyq values from + 3.4 to + 4.0. These results suggest that they may have
undergone negligible crustal contamination during the magma evolution and were
most likely generated from partial melting of a depleted asthenosphere mantle
source. They have high Ti/V (38-46) and Zt/Y (3.36-5.23) ratios, typical of with-
in-plate basalts. These results, as well as the existence of contemporary A-type gran-
ites and alkaline basalts in the same region, indicate that intense continental rifting
most likely occurred in the southwestern Yangtze Block during the late Mesopro-
terozoic. Group 2 mafic rocks give zircon U-Pb ages between 946 and 918 Ma, and
they possess Nb = 12.3-30.5 ppm, Nb/U = 19.99-37.06, Nb/La = 0.78-1.05,
(Nb/Th)y = 0.44-0.80, and (Nb/La)y = 0.75-1.02, geochemically resembling those
of typical Nb-enriched basalts. They are enriched in light rare earth elements
(LREE) with weak negative Eu anomalies (Eu/Eu* = 0.75-0.96) and show E-
MORB-like characteristics with slight to moderate Nb-Ta depletion. The samples
show zircon ey, values ranging from + 5.8 to + 10.3 and whole-rock ey, values
from + 0.5 to + 0.9. These elemental and isotopic characteristics suggest that the
0.95-0.92 Ga mafic rocks were derived from an E-MORB-like magma source with
the injection of metasomatized slab melts, and likely originated from a back-arc
basin. Integrating previous studies with our results, we propose that the southwest-
ern Yangtze Block evolved from an intracontinental rift to a passive continental mar-
gin in the late Mesoproterozoic, followed by the development of an eatliest Neopro-
terozoic continental arc-back-arc basin system analogous to the Northern Okinawa
Trough. During 0.95-0.90 Ga, the northern and southern parts of the Yangtze
Block may have been dominated by intra-oceanic and oceanic-continental subduc-
tion tectonics, respectively, followed by their final amalgamation that corresponded
to the assembly of the Rodinia supercontinent.

DISTRIBUTION OF RADIATION-INDUCED DEFECTS IN QUARTZ AT
THE ACKIO URANIUM PROJECT, ATHABASCA BASIN,
SASKATCHEWAN: TRACING URANIUM-BEARING FLUIDS

Ka Long Cheung!, James Sykes2, Cameron MacKay?, Yuanming Pan!
"University of Saskatchewan, ZBaselde Energy Corporation.
E-mail: mp940@usask.ca

The Athabasca Basin in northern Saskatchewan hosts the highest-grade uranium
deposits in the world and is an excellent natural laboratory for studying radiation-
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induced defects in minerals. This contribution reports the results of an electron
paramagnetic resonance (EPR) spectroscopic study of radiation-induced defects in
quartz from the ACKIO uranium exploration project at the eastern edge of the
Athabasca Basin. Detailed EPR analyses of quartz in both the Athabasca Group
sandstones and basement rocks from 16 diamond drill holes reveal a suite of well-
known silicon-vacancy hole centers, formed from the bombardment of alpha parti-
cles emitted from radioactive decay of uranium, thorium, and their unstable daugh-
ter isotopes. The intensity differences in the EPR signals of these silicon-vacancy
hole centers indicate that quartz grains recorded different accumulative doses of
alpha particles within the ACKIO project. A three-dimensional distribution model
of the EPR signal intensities has been constructed. This model shows that the dis-
tribution of these silicon-vacancy hole centers is not uniform in sandstones close to
the sandstone-basement unconformity but can be correlated with regional faults,
defining and tracing the pathways for the migration of ancient uranium-bearing flu-
ids. This study demonstrates the application of radiation-induced defects in quartz
as a new vector for the exploration of uranium deposits.

WHAT CONTROLLED THE FORMATION AND LOCALIZATION OF
WORLD-CLASS UNCONFORMITY-RELATED U + REE
MINERALIZATION IN THE ATHABASCA BASIN? - TOWARD A UNIFIED
SOURCE-PATH-TRAP MODEL

Guoxiang Chil, Eric Potter2, Morteza Rabiei!, Yumeng Wang!,
Victoria Tschirhart?, Jeremy Powell2, Duane Petts2
University of Regina, 2Geological Survey of Canada.
E-mail: gnoxiang.chi@uregina.ca

The Proterozoic Athabasca Basin hosts numerous world-class uranium deposits,
many of which also contain high concentrations of rare earth elements (REE), with
few (if any) counterparts that are comparable in terms of tonnage and grade. These
deposits are mainly located near the basal unconformity of the basin and are
referred to as unconformity-related uranium (URU) deposits, although some of the
orebodies may be located as far as 1 km below the unconformity. Key questions
related to the genesis of these deposits include: (1) Why is this basin so special in
terms of U = REE mineralization? Is it related to the fertility of the basin or the
basement, or both? (2) What controlled the fluid flow and transport of metals? and
(3) What controlled localization of orebodies with respect to the unconformity and
along faults when major portions of the same faults are barren? Answers to these
questions have direct implications for exploration and evaluating the U and REE
potential of this basin. Studies conducted under the Targeted Geoscience Initiative
have made significant progress towards these questions. First, discovery of U- and
REE-rich fluid inclusions in quartz overgrowths in the sandstone indicates wide-
spread development of U- and REE-rich basinal fluids. This suggests that most of
the U and REE in the URU deposits were derived from the basin, although variable
contributions from the basement cannot be discounted. According to this model,
the Athabasca Basin is rich in U and REE mineralization because of a fertile basin
rather than an especially fertile basement. Furthermore, it implies that the unconfor-
mity and upper part of the basement underneath the entire basin are prospective.
Second, recognition of the hydrostatic fluid pressure regime, shallow-burial miner-
alization environment and fluid convection pattern recorded by regional distribution
of quartz cementation and dissolution in the sandstone, further explain why the
Athabasca Basin was especially favourable for developing U- and REE-rich diage-
netic fluids. Thirdly, evidence of fluid boiling indicating episodic fluid pressure
drops, together with spatial changes in graphite properties and implications for its
role as the source of reducing agents at depth, supports coupled fault-valve (at
depth) and suction-pump (near the unconformity) mechanisms as controls on the
flow of both U + REE-rich basinal fluids and reducing-agent-rich basement fluids.
Economic mineralization occurted in certain segments of the faults where these flu-
ids met and mixed for prolonged periods of time. Recognition of such fault seg-
ments requires joint efforts of geology, geochemistry, and geophysics.

http://www.geosciencecanada.ca
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PETROGRAPHY AND GEOCHEMISTRY OF DISCOVERY HILL IMPACT
MELT POND, KAMESTASTIN (MISTASTIN) LAKE IMPACT STRUCTURE

Neeraja Chinchalkar, Gordon Osinski
Western University.
E-mail: neerajacl4@gmail.com

Impact melt and endogenous igneous melt have similar physical and textural prop-
erties, making it difficult to differentiate between them. Additionally, impact melts
have been proposed to be superheated with respect to their endogenic igneous
counterparts, based on observations from natural and experimental studies. Recent
evidence of superheated impact melt at Kamestastin (a.k.a. Mistastin) Lake impact
structure highlighted the crater’s importance as a site for understanding thermal evo-
lution of impact melt. Mistastin offers the opportunity to study a variety of
impactite units in situ through its well-exposed and relatively unaltered outcrops.
Discovery Hill is an impact melt unit that is about 80 m in thickness, located in the
terraced crater rim region, and interpreted as a melt pond that formed part of the
impact ejecta. In this work, we sought to investigate the textural and geochemical
variations in the Discovery Hill impact melt unit over a vertical section. In 2021,
sample collection was carried out by G. Osinski by rappelling/abseiling over the west
face of the hill. Petrographic analyses show that the clast content of the melt
decreases upwards, with the base of the melt rock unit being clast-rich and the upper
portion clast-poor but not clast-free. Near the base of the transect, the melt rocks
have a glassy groundmass with spherulites in the early stages of development, indi-
cating potential devitrification of the glass. Moving up from the base, the matrix
transitions to hypocrystalline, i.e. glass and crystallites, and the degtree of crystallinity
as well as grain size increase upwards. Compositionally, the crystalline groundmass
remains generally consistent throughout the unit, with the dominant component
being plagioclase feldspar, and some anhedral pyroxene. A notable feature of the
melt rocks is the diversity of plagioclase textures. Plagioclase occurs as angular sub-
hedral to anhedral clasts throughout the melt rocks, and in the groundmass, it occurs
in two distinct size fractions: as larger, blocky/tabular euhedral crystals of 80-100
um along the longest dimension, and as smaller, elongated laths with sizes < 50 um
< 70 um. We also obtained major oxide content of the plagioclase in the ground-
mass, and barring subtle differences, no significant trends could be identified in the
composition. It is evident that the thermal evolution of the Discovery Hill melt is
complex, and to better interpret the cooling history, we plan to implement a quanti-
tative approach as a next step for characterizing the texture of this unit.

VOLATILE COMPOSITIONS OF FLUID INCLUSIONS FROM THE
DISCOVERY-ORMSBY PROPERTY IN THE YELLOWKNIFE
GREENSTONE BELT, NWT

Vivian Cho!, Hendrik Falck?, Merilie Reynolds?, Pilar Lecumberri-Sanchez!
University of Alberta, 2Government of Northwest Territories,
SNorthwest Territories Geological Survey.

E-mail: vcho@unalberta.ca

The Yellowknife Greenstone Belt (YGB) is host to several world class orogenic gold
deposits that have collectively produced over 13 million ounces of gold since 1938.
The mineralizing fluids in orogenic gold deposits are most commonly aqueous-car-
bonic fluids. However, several studies most notably from the Ashanti Belt in Ghana,
have reported fluid compositions dominated by CO, with little to no aqueous com-
ponent. Although the mineralization style within the YGB is highly vatiable, the
presence of high-pressure volatiles in the belt has been identified as an indicator of
gold mineralization. Similarly, the physicochemical properties of fluid inclusions
may help differentiate between mineralized and barren samples. The Discovery-
Ormsby property, which includes the former Discovery Mine, is in the northern
portion of the YGB. Mineralization in this area is largely hosted within the metavol-
canic rocks of the Discovery and Ormsby Members. Raman analyses of individual
fluid inclusions reveal the presence of three main volatile components (CO,, CH,,
N,) which appear in various proportions. Graphite-bearing inclusions are also pres-
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ent in varying quantities; such inclusions have also been observed in other areas of
the YGB such as the Quyta-Bell property where there is some evidence that graphite
and gold precipitation were coeval. In this study, we evaluate the relationship
between the composition of volatile-rich fluid inclusions, host rock lithology, and
relative position with respect to mineralization and discuss the possible implications
for gold precipitation.

GENESIS AND CURRENT UNDERSTANDING OF THE ca. 2697 Ma
INTRUSION-RELATED WINDFALL AU DEPOSIT, URBAN-BARRY
GREENSTONE BELT, QUEBEC, CANADA

Brandon Choquette!, Daniel J. Kontak2, Edouard Cdté-Lavoie!
10sisko Mining Incorporated, 2Laurentian University.
E-mail: brandonchoquettel@gmail.com

The Neoarchean Windfall Au deposit, hosted in the Urban-Barry greenstone belt of
the Abitibi Subprovince (Québec, Canada), represents an emerging and significant
Au deposit with a current resource of 7.4 Moz of Au. It is hosted in ca. 2717 Ma
bimodal volcanic rocks that are cut by several generations of calc-alkaline quartz-
feldspar porphyry (QFP) dykes separated into: (1) a 2697.6 £ 2.6 Ma group spatially
related to Au mineralization; and (2) a 2697.6 = 0.4 Ma group that truncates the ear-
lier dykes and the Au mineralization. The Au mineralization, present as free gold
inclusions in pyrite, and invisible Au in arsenian pyrite occurs (1) in grey quartz veins
and stockworks with pyrite and subordinate carbonate and tourmaline and (2) in
pervasive to patchy sericite-silica-pyrite-carbonate * tourmaline * fuchsite alteration
zones. The Au zones are localized proximal to the contacts of the early QFP dykes
and form thin, subvertical and elongate lenses plunging 35°ENE. The Au mineral-
ization and associated hydrothermal alteration, along with all the host rocks, are
overprinted by D,-related deformational features that include the main regional pen-
etrative foliation and the regional scale Mazéres deformation zone. The spatial and
temporal association of the QFP intrusions with the Au mineralizing event at the
Windfall Au deposit, along with its elemental associations (Ag, As, Sb, S, Se, Bi, Te,
+ Zn, Cu, Pb, Mo, and W) suggests an intrusion-related model. However, the
deposit has been modified and remobilized by an overprinting syn-orogenic event
which is attributed to the formation of bonanza high-grade Au zones (e.g. 90,700
g/t Au over 0.3 m), thus making Windfall a polyphase system. These interpretations
have important implications both locally and regionally for Au exploration in
Archean greenstone terranes.

STRUCTURAL ANALYSIS OF FLETCHER CREEK FOLD, SOUTHERN
ONTARIO: IS IT NEOTECTONIC IN ORIGIN?

Abigail Clark, Alexander Peace, Ethan Davies
McMaster University.
E-mail: darka78@micmaster.ca

Neotectonism in an intraplate setting is generally not well documented and under-
stood, despite its significance for seismic hazards in parts of Eastern Canada and
elsewhere. This study aims to provide an in-depth structural analysis of a potential
pop-up structure in southern Ontario to constrain the processes involved and extent
to which neotectonism may have impacted the region. Fletcher Creek is a former
quarry, now a small ecological preserve, located near Puslinch, Ontario, and the loca-
tion of a small-scale, previously unexplained, dome-like structure. Local bedrock is
comprised of the Guelph formation, an Ordovician and Early Silurian dolostone
unit, that contains two distinct fracture patterns, perpendicular and concentric. Per-
pendicular fractures strike NNE-SSW and WNW-ESE, while the concentric frac-
tures appear to be associated with the folding event. The dome-like structure itself
is not easily discernable without measurements, as bedding dip is near horizontal
only ranges from 0-15°, with the steepest dips being on the dome feature and shal-
lowest dips being along flat bedrock around the preserve. Several analytical methods
were used to constrain the structure of the dome at Fletcher Creek, and thus deter-
mine its origin including DJI Phantom 4 Pro drone surveys followed by photogram-
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metry in Pix4D and Drone2Map, ground-based structural measurements using
FieldClino, fracture attribute quantification using FracPaq, and statistical and geo-
morphic analysis using ArcGIS Pro and MOVE including generation of rose dia-
grams, slope and aspect maps, and a topographic profile. Perpendicular fracture ori-
entations correlate with lineament and fracture data previously collected in southern
Ontario. Concentric fractures at Fletcher Creek crosscut the perpendicular fractures
found at the site and across southern Ontario. We interpret the documented struc-
ture at Fletcher Creek as a stress release feature associated with rock removal at the
site. The dome-like structure located at Fletcher Creeck has comparable size and
description to other well-documented pop-ups. To reach this conclusion, local
stratigraphy was also considered extensively to rule out the possibility that the fea-
ture may represent a bioherm-type feature. However, we conclude this to be unlikely
due to the lack of highly fossiliferous deposits in the region, as well as the documen-
tation of concentric fracture sets. This study adds to a growing list of literature doc-
umenting neotectonic activity in southern Ontario, and a first-time documented
stress-related structure at Fletcher Creek Ecological Preserve.

DETRITAL ZIRCON AGE DISTRIBUTION CORRELATIONS BETWEEN
THE SNOWCAP ASSEMBLAGE SUBSTRATE OF THE YUKON-TANANA
TERRANE AND PROTEROZOIC TO DEVONIAN STRATIGRAPHY OF
THE LAURENTIAN MARGIN

Nathan Cleven!, Jim Ryan!, Dawn Kellett!, Bill McClelland?,

Alex Zagorevskil, Nancy Joycel, Jim Crowley3, Andy Parsons*
IGeological Survey of Canada, 2lowa State University, *Boise State University,
4Oxford University.

E-mail: nathan.cleven@nrcan-rncan.ge.ca

Reconstruction of the earliest tectonic history of allochthonous pericratonic ter-
ranes such as the Yukon—Tanana in the northern Canadian Cordillera is limited by
the variably deformed, metamorphosed nature, and poor exposure of their base-
ments or substrates. This study demonstrates that detrital zircon U-Pb geochronol-
ogy techniques can provide inter-terrane stratigraphic correlations that help define
the origins and nature of the earliest tectonostratigraphy. Detrital zircon data from
20 samples of Snowcap assemblage, the metasedimentary substrate within the
Yukon—Tanana terrane, and its lithostratigraphic equivalents from twelve different
regions are presented. Additionally, detrital zircon data from 9 samples of Devon-
ian—Mississippian units, 7 samples of Mississippian-Permian units, and 3 samples of
Parautochthonous Laurentian margin White River assemblage were included to eval-
uate late Paleozoic terrane evolution, sediment recycling, and mixing, Statistical com-
parisons, using multi-dimensional scaling techniques based on Kolmogorov-
Smirnov similarity tests, were made between Snowcap Assemblage and compiled
reference data of Proterozoic through Devonian Laurentian passive margin strata.
The Snowcap assemblage detrital zircon age distributions show similarity to those
of some Neoproterozoic units from British Columbia to Arctic Canada, except that
Neoproterozoic units exhibit a wider variety of age components. Cambtian Laurent-
ian margin strata age distributions from the Pacific Northwest region have qualita-
tive similarities implying Snowcap assemblage may have deposited in a similar time
or tectonic setting. However, Pacific Northwest region units lack one key age com-
ponent, ca. 2000 Ma, found consistently in Snowcap assemblage. Ordovician Lau-
rentian units are similar to Snowcap Assemblage but are homogeneous along the
length of the margin. Devonian Laurentian units and parautochthonous units in
northern BC, Yukon and Alaska show strong similarities to a subset of Snowcap
assemblage samples; they have similar major and minor age components and are
therefore a good possible stratigraphic correlation for a portion of Yukon—Tanana
terrane. The key 2000 Ma age component is seen as a strong indicator of provenance
from the Taltson magmatic zone in central Canada and is only found in Snowcap
Assemblage and northern BC, Yukon, and Alaska Laurentian margin units. This
implies that the Yukon—Tanana terrane substrate originated as a pericratonic frag-
ment rifted from the Laurentian margin in the north, close to its estimated location
of accretion in Permian—Triassic.

https://doi.otg/10.12789/geocan;.2023.50.200



128

PETROGENESIS OF SYN- TO POST-TIMISKAMING GRANITOIDS
FROM THE KIRKLAND LAKE REGION: IMPLICATIONS FOR
MAGMATIC-HYDROTHERMAL MINERALIZATION IN THE ABITIBI

Michael Cloutier!, Bertrand Rottier!, Ross Sherlock?, Georges Beaudoinl,
Jonathan Sutton23, Olivier C6té-Mantha3
1Université Laval, 2Laurentian University, 3Agnico Eagle Mines Ltd.
E-mail: michael.cloutier. 2@ulaval.ca

Magmatic-hydrothermal deposits are scarce in Archean terranes compared to the
Phanerozoic. It is uncertain if this scarcity is due to differences in geodynamics
and/or physiochemical conditions. The Kirkland Lake—Larder Lake camp, located in
the southern Abitibi subprovince in Ontario, Canada, is an ideal location to test
these hypotheses as it is host to several distinct intrusive complexes with some of
these complexes being related to known magmatic-hydrothermal mineralization
(Au-Cu-Mo, Au-Te-Mo, Sb-Cu). The region is predominantly comprised of volcanic
rocks of the ca. 27102704 Ma Tisdale assemblage and the ca. 2704-2695 Ma Blake
River assemblage. These volcanic rocks are unconformably overlain by sedimentary
and alkaline volcanic rocks of the ca. < 2679 — < 2669 Ma Timiskaming assemblage.
All three supracrustal assemblages are cut by intrusive bodies that pre-date the
regional D; deformation event (> ca. 2640 Ma). Whole rock geochemistry for these
syn- to post-Timiskaming intrusions, filtered for alteration, reveal that the intrusions
are intermediate to felsic (53—70% SiO,) and calc-alkaline to alkaline in composition.
Samples range in aluminum saturation from metaluminous to strongly peraluminous
(A/CNK = 0.67-1.25). Trace element signatures of moderately to strongly fraction-
ated REE patterns, small Eu anomalies, negative Dy/Yb vs SiO, trends, elevated
St/Y, and enriched LILE with depleted Nb and Ta are consistent with melting of a
hydrated source and fractionation being driven by amphibole. On a A/CNK,
Na,0/K,0, FMSB ternary diagram, samples predominately plot in the “TTG-type”
and “sanukitoid-type” fields with a single “biotite-type” signature suggesting that the
syn- to post-Timiskaming intrusives were primarily sourced from metasomatized
mantle and hydrated basaltic crust, and rarely from felsic crust (i.e. biotite-type).
Intrusive complexes with predominant sanukitoid-type affinities are spatially associ-
ated with Au * Mo-Cu-Te-Pb mineralization (Bidgood, and Morris deposits). The
Upper Beaver intrusive complex, with a geochemical signature consistent with mix-
ing between TTG- and sanukitoid-type magmas, is spatially and temporally associat-
ed with Au + Cu + Mo mineralization (Upper Beaver deposit). The biotite-type
intrusion is spatially associated with Sb + Cu mineralization. This study presents
new U-Pb, Lu-Hf and trace element data from zircon for these syn- to post-
Timiskaming intrusives. These data place the development of these differing magma
types and associated mineralization styles into the tectonic framework of the south-
ern Abitibi subprovince.

LATE ORDOVICIAN MAGMATISM ALONG THE DAWSON FAULT
CORRIDOR: EVIDENCE FOR REACTIVATION OF LITHOSPHERIC-
SCALE STRUCTURES

Rose Cobbett!, Luke Beranek!, Stephen Piercey!, Maurice Colpron?
IMemorial University of Newfoundland, 2Yukon Geological Survey.
E-mail: Rosze. Cobbet{@yukon.ca

Lower Paleozoic continental margin facies define a zig-zag pattern along the eastern
parts of the North American Cordillera from Yukon to Nevada. Platformal carbon-
ate and coeval basinal shale and siltstone are offset along proposed rift transfer
faults, including the Liard Line, St. Mary-Moyie transform, and Snake River transfer.
It is proposed here that the Dawson fault in central Yukon is a similar rift transfer
fault because: (1) it coincides with an offset in continental margin facies; (2) there is
a sharp contrast in geophysical properties across it; and (3) alkaline rocks are con-
centrated along the fault corridor. Zircon U-Pb dates from mafic volcanic rocks and
gabbro, and macrofossil ages from interbedded sedimentary rocks, constrain the
timing of magmatism along the Dawson fault to Miaolingian (Mid- to Late Cambri-
an) and Late Ordovician. Whole-rock trace element and Nd—Hf isotope geochemi-
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cal data indicate that these rocks formed by low degree partial melting of subconti-
nental lithospheric mantle where garnet was stable in the residue (> 75 km). New
bedrock mapping and facies analysis of mafic igneous rocks exposed north of the
Dawson fault near Castle Mountain provide a detailed framework for geochronolog-
ical, paleontological and petrological analysis and unravelling the early to mid-Pale-
ozoic geological history of the northern Cordillera. The age of submarine eruptions
near Castle Mountain is constrained by U-Pb zircon dates and fossils to the Late
Ordovician (ca. 453-445 Ma). Magmatism was preceded by deposition of silty lime-
stone and chert and followed by carbonate buildup and development of a carbonate
platform. These facies occur within a bend in the Dawson fault where the trace
shifts from an E-W trend to a NW-SE orientation. It is proposed that this bend
developed during Late Ordovician strike-slip reactivation of the Dawson fault and
local extension accommodated the deposition of deeper-water silty limestone and
chert and emplacement mafic igneous rocks. Post-rift, Late Ordovician strike-slip
reactivation of the Dawson fault coincides with counter-clockwise rotation of Lau-
rentia indicated by paleomagnetic data. Late Ordovician continental rotation may be
an important factor controlling post-rift extension and magmatism along western

Laurentia.

ASSESSING REE-MINERALIZATION IN THE FEN ALKALINE-
CARBONATITE COMPLEX (TELEMARK, SOUTHERN NORWAY) USING
VNIR-SWIR HYPERSPECTRAL IMAGING

Nolwenn Coint, Tobias Kurz, Jasmin Schoenenberger, Ying Wang
Geological Survey of Norway.
E-mail: nolwenn.coinf@ngn.no

The Fen alkaline-carbonatite complex, a 4-5 km? large intrusion emplaced around
580 Ma through the Sveconorwegian Precambrian basement, hosts one of the
largest carbonatite-related rare earth element (REE) deposits in Europe. The Ce-
dominated mineralization, associated with the Fe-dolomite carbonatite, consists of
bastndsite, parasite and subordinate monazite. In 2018, the Norwegian government
funded the drilling of two cores down to a depth of 1000 m and 700 m respectively
to assess the distribution of the mineralization. The cores were scanned using two
hyperspectral cameras measuring within the spectral range between 400 and 2500
nm, often described as visible to near-infrared and short-wave infrared (VNIR-
SWIR) and between 7700 and 12,300 nm, described as long-wave infrared (LWIR).
One-metre sections of Fe-dolomite carbonatite and associated lithologies were ana-
lyzed for major and trace elements content, a total of 1522 analyses. This unique
dataset allows us to assess the capability of hyperspectral imaging in identifying and
semi-quantifying the amount of REE present in the cores. Rare Earth Elements, and
Nd in particular, produce a series of distinctive, diagnostic absorption features, the
most important ones occurring at 740 and 800 nm. While absorption features in the
reflectance spectra indicate the presence of Nd, their depth is correlated to the
abundance of the element. In this study, we processed the data to highlight the pres-
ence of the feature in the reflectance spectra for each pixel and constructed colour-
coded maps of the core boxes highlighting the spatial distribution of REE-mineral
as well as their relative abundance. Correlations between the amount of Ce, Nd or
total REE in the cores and the depth of the absorption features at 740 and 800 nm
were witnessed through scatterplots, and further confirmed by linear regression
analysis. The depth of the 800 nm absorption feature shows the best correlation
with REE concentrations compared to the 740 nm one, with Pearson’s correlation
coefficients of 0.67 for Nd and 0.7 for both Ce and total REE. Subdivision of the
dataset based on the lithologies shows that the correlation best holds for the coars-
er-grained Fe-dolomite carbonatite (0.72) compared to fine-grained laminated Fe-
dolomite carbonatite (0.57), revealing the importance of the image resolution, here
1 X 1 mm. This study confirms that hyperspectral imaging provides an objective,
non-destructive method for core logging of complex rocks such as carbonatites.
Maps generated can be used to guide core sampling campaigns, providing the
prospecting industry with a powerful tool.
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THE ROLE OF SILICATE-LIQUID IMMISCIBILITY IN THE
PETROGENESIS OF Fe-Ti-P-RICH ROCKS AND NELSONITES
ASSOCIATED WITH THE MONZONITIC TO SYENITIC RAFTSUND
INTRUSION, VESTERALEN-LOFOTEN AMCG SUITE, NORTHERN
NORWAY

Nolwenn Coint!, Eduardo Mansurl, Jakob K. Keiding?
IGeological Survey of Norway, 2Geological Survey of Denmark.
E-mail: nolwenn.coinf@ngn.no

The role of silicate-liquid immiscibility in the evolution of tholeiitic magmas
remains partly controversial. The process has been documented in tholeiitic dry
mafic systems, however the late entrance of the melt in the two liquid field and the
limited ability of the Fe-rich melt to pond suggest that the process is non-efficient
and plays a marginal role for the formation of large Fe-Ti-P deposits of magmatic
origin. In addition, Fe-rich liquids produced experimentally in relevant conditions
never contain less than 30 wt.% SiO,, failing to explain the genesis of nelsonites,
rocks nearly deprived of silicates. Some intrusive systems of intermediate to felsic
composition, however, widen the possibilities for silicate-liquid immiscibility as an
ore forming process for Fe-Ti-P deposits. Published work show that the monzonitic
to syenitic Raftsund intrusion of the Lofoten-Vesteraalen AMCG (anorthosite-man-
gerite-charnockite-granite) suite shows evidence of extensive silicate-liquid immisci-
bility. Scattered occurrences of Fe-Ti-P-rich rocks occur throughout the intrusion.
In some units, they reach up to 50 X 120 m large lenses, whereas in others they form
cm-thick features at the contact with mingling monzonites. In addition, nelsonite
locally occur as decametric-scale bodies. Fe-Ti-P-rich rocks consist of inverted
pigeonite and/or Fe-rich olivine, augite, titanomagnetite, ilmenite and apatite, which
is an assemblage crystallizing from a high temperature and dry magma. Evidence of
liquid immiscibility in the Raftsund intrusion results from a combination of obser-
vations in the field where contacts between the Fe-Ti-P-rich rocks are sharp but
undulating, In addition, Fe-rich mineral clusters show evidence of disequilibrium
with the surrounding monzonite in the form of resorption features and develop-
ment of symplectite at the contact between the two rock types. Furthermore, acces-
sory minerals such as apatite and zircon, occurring locally in large abundance, are
restricted to Fe-rich mineral clusters, features difficult to explain by simple fraction-
ation or accumulation. Finally, whole-rock data show that Fe-Ti-P-rich rocks are
enriched in both compatible (e.g. REE, Co, V, and Zn) and incompatible elements
compared to their host monzonite or syenite. Trace element content of titanomag-
netite and ilmenite in the Fe-Ti-P-rich rocks and the nelsonite record enrichments in
elements behaving compatibly and incompatibly in an evolving magmatic system
(e.g. Mg, Al, Sc, V, Mn, Zn, Zr, and Hf) compared to the same minerals in the mon-
zonite and syenite, supporting the liquid immiscibility hypothesis. The transition
from Fe-Ti-P-rich rock to a nelsonite remains, however, poorly constrained and
needs further experimental investigation with appropriate composition for such sys-
tems.

THE PYRITE TO PYRRHOTITE DEVOLATILIZATION REACTION
ACROSS METAMORPHIC ZONES FROM THE NEOARCHEAN
PONTIAC SUBPROVINCE (SUPERIOR CRATON): IMPLICATIONS FOR
OROGENIC GOLD FLUID GENERATION

Bruna Coldebellal, Crystal LaFlamme!, Isaac S. Malta!, Carl Guilmettel,
Guillaume Barré!, Georges Beaudoin!, Laure Martin2, Dany Savard?
1Université Laval, 2University of Western Australia,
3Université du Québec a Chicoutimi.

B-mail: bruna.coldebella. 1@ulaval.ca

It is well-known that sulphur is released to metamorphic fluids through the pyrite
(FeS,) - pyrrhotite (Fe ,S) devolatilization reaction along with aqueous fluids trig-
gered by chlorite breakdown amid prograde metamorphism of sedimentary basins.
Metamorphosed sedimentary basins become progressively depleted in Au, As, and
other metals (e.g. Se, Te, Bi, and Sb) at higher metamorphic grades. However, it
remains unclear what controls the increase and depletion of these elements at min-
eral scale and how it relates to fluid release. To further constrain this process and its
relevance to orogenic gold fluids, we investigate in situ the metal redistribution and
multiple sulphur isotope signatures through the pyrite-to-pyrrhotite transition along
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a Barrovian-like sequence within the Pontiac metasedimentary subprovince (Superi-
or craton, Canada). Samples were selected across different metamorphic zones, with
increasing grade from the biotite, garnet, staurolite, kyanite, to sillimanite zones.
Pyrite occurs in the biotite, garnet, and staurolite zones in two generations: Py, ecatly,
fine-grained, disseminated or clustered sub- to anhedral grains; and Py, late, fine to
coarse-grained, euhedral to subhedral cubes or clusters, often overgrowing Py;. Only
Py, is observed in samples from the kyanite and sillimanite zones. Pyrrhotite occurs
as blocky, irregular-shaped or stretched grains parallel to foliation and throughout
the matrix in samples from all metamorphic zones. Prograde pyrite to pyrrhotite
reaction texture is identified in rocks from the biotite and garnet zones, where cor-
roded Py, is replaced by pyrrhotite. Py, and pyrrhotite coexist in the staurolite zone
without a clear textural relationship, while in the kyanite and sillimanite zones, Py, is
completely absent, with pyrrhotite being the main sulphide. LA-ICP-MS analysis
reveals a significant decrease in trace metals such as As, Ag, Te, Co, Bi, Se, and Cu,
which is associated with the prograde replacement of Py, by pyrrhotite. In situ SIMS
multiple sulphur isotope analysis shows small sulphur isotope fractionations
between Py, and product pyrrhotite at all metamorphic zones (88 shift = 1.5%o),
but an important shift of about 0.46%o0 on the A»S signature. These fractionations
can be associated with the desulphidation process of pyrite-to-pyrrhotite, which
releases light H,S, causing an increase in the 8%S of reaction pyrrhotite. Thus, we
suggest that the pyrite-to-pyrrhotite devolatilization reaction plays a critical role in
mobilizing Au, As, and other metals into hydrothermal fluids and, if it is synchro-
nous with the release of fluids and deformation, it can control metal endowment in
the Earth’s crust.

THE FORMATION OF STRATABOUND V-RICH MINERALIZATION AT
THE ROD PROPERTY, YUKON TERRITORY

Daryll Bien Concepcion
University of Toronto.
E-mail: daryll.bien(@concepeions.us

As the world’s economies transition to become more environmentally friendly, crit-
ical minerals such as vanadium will see an increase in demand. To supply forecasted
demand, we must start looking at unconventional deposits, like hyper-entiched black
shales (HEBS). One such deposit is found in the Rod Property, located in the central
Yukon Territory, Canada. Before utilizing these deposits though, we must first delve
into how they were created. There are two competing models for their formation,
the most popular of which is the “direct seawater precipitation” model. This model
argues that it is through a combination of direct metal precipitation, high primary
productivity, and Fe-Mn-oxyhydroxide shuttling that the HEBS are extremely V-rich.
On the other hand, the other model argues for a hydrothermal fluid and/or hydro-
carbon source of the V-enrichment. In this study, we used bulk rock geochemistry,
laser ablation-ICP-MS, and sequential extraction analyses to show that the Rod
Property is less likely to have been formed as a result of direct seawater precipita-
tion.

GEODYNAMIC SETTING OF PROTEROZOIC MASSIF-TYPE
ANORTHOSITES IN THE EASTERN CANADIAN SHIELD

David Corrigan
Independant Researcher.
E-mail: david.corrigangeo@gmail.com

Proterozoic-age massif-type anorthosites were historically considered to be a prod-
uct of anorogenic magmatism. That said, a large number, globally, are now recog-
nized as having formed in active tectonic settings. The eastern Canadian Shield hosts
a large number of the world’s known massif-type anorthosites (AMCG complexes),
ranging in age from ca. 1650 Ma to 1018 Ma. They were emplaced in four distinct
pulses, corresponding in time (but not exclusively in space) with accretionary and
collisional phases of the southeastern margin of Laurentia. These include the ca. 1.7
to 1.6 Ga Labradorian orogeny (Mealy Mountains anorthosite), the ca. 1.5 to 1.35
Ga Pinwarian orogeny (Michikamau, Harp, Pentecote, de la Blache, and Nain
AMCG suites), the ca. 1.18 to 1.12 Ga Shawinigan orogeny (Lac-St-Jean, Morin,
Marcy, Magpie, and Parry Sound AMCG suites), and the ca. 1.08 to 1.00 Ga
Ottawan and Rigolet phases of the Grenville orogeny (Riviere Romaine, Havre St-
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Pierre, and Labrieville AMCG suites). The earlier Labradorian and Pinwarian phases
were contemporaneous with accretionary tectonics and continental margin arc mag-
matism and were accompanied by high- to ultrahigh-T and moderate P regional
metamorphic conditions. The later Shawinigan and Ottawan/Rigolet phases of mas-
sif-type anorthosites coincided with collisional tectonics, in particular with regions
of syn-collisional extension within the Grenville Province. Given that all four phases
of massif-type anorthosite emplacement occurred in tectonic environments that are
similar to those encountered in Phanerozoic orogens, it begs the question as to why
they are nearly unique to the Proterozoic. One of the widely recognized and primary
conditions necessary for the formation of massif-type anorthosites is the ponding
of very large volumes of mantle-derived basaltic magma at the base of lower conti-
nental crust. We speculate that higher mantle temperatures, as well as greater abun-
dance of fertile mantle during the Proterozoic (versus neo-Archean sub-continental
mantle lithosphere) may have provided a unique set of conditions, from an Earth
evolution perspective, for the formation of massif-type anorthosites.

BEYOND AN I0CG-CENTRIC CLASSIFICATION FOR METASOMATIC
IRON-RICH ALKALI-CALCIC MINERAL SYSTEMS AND THEIR
CRITICAL AND PRECIOUS METAL DEPOSITS

Louise Corriveaul, Jean-Frangois Montreuil?
1Geological Survey of Canada, 2MacDonald Mines Exploration.
E-mail: louise. Corrivean@canada.ca

Metasomatic iron-rich alkali-calcic (MIAC) mineral systems can form giant mining
districts and their iron oxide-copper-gold (IOCG) and affiliated critical and precious
metal deposits have known mineral resources of Ag, Au, Bi, Co, Cu, Fe, Mo, Ni, P,
Pb, REE, U, W, and Zn. At the regional-scale, MIAC systems form through succes-
sive fluid-rock reactions between a hot (peaking ~900°C), hypersaline fluid plume
and the upper crust. Fluid ingress adds metals to the plume as it ascends toward sur-
face along and across geological discontinuities (e.g. transcrustal faults) in addition
to metals leached from the multiple and compositionally diverse geological units
thoroughly metasomatized by the plume. As the plume evolves in physicochemical
conditions, it precipitates distinct alteration facies that couple and decouple co-pre-
cipitating elements and metals leading to predictable series of mineralization types
with a wide range of iron enrichment and iron-bearing mineral assemblages. Cur-
rently, mining of polymetallic iron-oxide deposits (e.g. IOCG and iron oxide-apatite
deposits) prevails but MIAC systems also generate zones of iron-rich mineralization
in which iron silicates, iron sulphides and iron carbonates are the primary reposito-
ries of iron and where iron oxides are sparce or absent. MIAC systems also incor-
porate iron-poor mineralization associated with alkali-calcic alteration facies and
variable quartz and carbonates. The classification framework for deposit types in
MIAC systems must move beyond an IOCG-centric approach. Based on the diag-
nostic association between alteration facies and mineralization types and integrating
the variations in the mineralogical expression and the intensity of iron metasoma-
tism, two groups of end-member deposits, metasomatic iron (MI) and metasomatic
alkali-calcic (MAC), are defined. Deposits are intrinsically polymetallic. Using the
metal anticipated to be of primary economic interest in a mineral resource, MI
deposits are subdivided into MI-W, MI-Fe, MI-REE, MI-Ni, MI-Co, MI-Cu, MI-U,
and MI-Au deposit classes. The class MI-Cu groups IOCG and iron sulphide-cop-
per-gold deposit types. The class MI-Fe groups skarn-Fe, iron oxide and iron oxide-
apatite deposit types. The classification system also unravels the grouping for lesser
constrained deposit types like albitite-hosted U, Au, Co, Cu, and Mo-Re based on the
primary metal in mineralization zones and the attributes of Fe metasomatism. This
framework provides new insights on the prospectivity of Canadian MIAC systems
with potential for critical and precious metal deposits from the Great Bear magmatic
zone and East Arm Basin (NT), Labrador Trough (QC, NL), Central Mineral Belt
(NL), Wanapitei district (ON), Appalachian Orogen (NL, NB, NS), and the
Grenville Province (QC).
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THE PIKWITONEI GRANULITE DOMAIN, MANITOBA: A LARGE-HOT
OROGEN ALONG THE NORTHWESTERN MARGIN OF THE SUPERIOR
CRATON

Chris Coueslan
Manitoba Geological Survey.
E-mail: chris.coneslan@gov.nb.ca

The Pikwitonei Granulite Domain (PGD) is a zone of Archean granulite-facies
rocks located along the northwestern margin of the Superior craton in Manitoba,
where consistently high-grade metamorphic rocks are exposed over an area of
roughly 24,000 km2 The PGD is bounded to the northwest by the Paleoproterozoic
Trans-Hudson Orogen while its southeastern boundary is defined by an orthopyrox-
ene-in isograd, which crosscuts the suture between the North Caribou and Hudson
Bay terranes of the Superior craton. Metamorphic grade increases westward, away
from the orthopyroxene-in isograd, and towards the Superior margin. The PGD has
been described as a tilted section of crust or a discrete block of uplifted lower crust,
and the origins of the high-grade metamorphism are interpreted as the result of
magmatic heat advection, magmatic underplating, or asthenospheric upwelling relat-
ed to lithospheric delamination or post-collisional slab break-off. Outcrops in the
PGD typically display an early S, gneissosity that is crosscut by orthopyroxene-bear-
ing leucosome related to peak metamorphism (M,). The leucosome and gneissosity
are transected by a regionally penetrative S, foliation, which is axial planar to para-
sitic isoclinal folds. Peak metamorphic conditions are interpreted to have reached
800-900°C and 7-8 kbar near the orthopyroxene-in isograd and attained UHT con-
ditions of 1025-1070°C and 8-9.5 kbar closer to the Superior margin. Mineral tex-
tures and assemblages indicate clockwise P—T paths following peak metamorphism.
Uranium-lead zircon ages of ca. 2720-2640 Ma and metamorphic monazite ages of
ca. 2690-2570 Ma indicate a prolonged period of crustal heating. These ages are
interpreted to represent either multiple heating-cooling events or a single, long-lived
event. Uranium-lead dating of rutile suggests relatively slow cooling rates (<
2.2°C/Ma). Mafic dykes that transect the S; gneissosity, and are overprinted by M,
peak metamorphism, are exceedingly rare, and the majority of “enderbite” intru-
sions in the PGD predate the high-grade metamorphism and are more properly
described as metatonalite. It is therefore unlikely that magmatic heat advection,
underplating, or asthenospheric upwelling were the driving forces of high-grade
metamorphism in the PGD. The prolonged period of heating, clockwise P—T paths,
and relatively slow cooling rates suggests the PGD represents the core zone of a
large-hot orogen that formed during the assembly of Kenorland. The occurrence of
the highest-grade rocks close to the Superior margin suggests that the original extent
of the orogen was much greater and was rifted apart during the breakup of the

supercontinent.

THE TIMING AND ORIGIN OF HEMATITE IN RED BEDS OF THE
UPPER HURONIAN SUPERGROUP

Ian Coxonl; Michael G. Babechuk!, Robert H. Rainbird2, Nabil Shawwa3,
Amy Parkinson!
!Memorial University of Newfoundland, 2Natural Resources Canada,
3Carleton University.
E-mail: inacoxon@mun.ca

The 2.45-2.22 Ga Huronian Supergroup (HSG) is a mainly clastic sedimentary suc-
cession that records the Great Oxidation Event (GOE), a global-scale shift that
marked the first stable rise of oxygen in Earth’s atmosphere. Evidence of the GOE
in the HSG is represented by oxic, hematite-bearing paleosols and red beds, both of
which indicate oxygenation in terrestrial environments reached levels sufficient for
Fe2+ oxidation to Fe3*. Within the upper HSG (Cobalt Group), the GOE is also tem-
porally associated with a climatic transition from icehouse conditions, represented
by glacial deposits of the lower Gowganda Formation, to post-glacial greenhouse
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conditions, in deltaic and fluvial strata of the upper Gowganda and Lorrain forma-
tions, respectively. While the appearance of red beds is widely agreed to be a geo-
logical reflection of the GOE, direct evidence for syn-, or early post-depositional
oxidation is rarely fully documented. How the hematite in red beds more specifically
reflects environmental oxidation is therefore not well understood, as is the case for
most units of the HSG. Furthermore, K- and Na-metasomatic events in the HSG
speak to post-depositional fluid alteration being another possible pathway for
hematite formation. Establishing clarity in Fe-oxidation pathways is an important
stepping-stone towards better understanding the origin of red beds and their poten-
tial for exploitation as geochemical archives of post-GOE terrestrial oxidation. This
work investigates the paragenesis of hematite formation in the Lorrain Formation
and to a lesser extent from the underlying Gowganda Formation via petrography
and whole-rock majot-element and ferrous/ferric iron measurements. Focus is on
samples of siltstone and sandstone from the upper Gowganda and Lorrain forma-
tions of the Cobalt and Bruce Mines regions of Ontario, Canada, with variable red-
dening, Comparison to closely associated non-red beds (grey to green clastic sedi-
mentary rocks) is also undertaken. Textural and mineralogical associations indicate
that there are different paragenetic sequences of hematite formation, some unam-
biguously eartly (likely syn-depositional) and others more ambiguous. Whole-rock
major-element data are used to further assess mineralogy, grain size, and other min-
eral-chemical features developed from source weathering to deposition. These data
are explored in 3-dimensional (tetrahedral) space thereby expanding upon traditional
alteration/weathering proxies to better reveal the effects of metasomatism and sed-
imentary sorting, and test for chemical evidence of an association of reddening with
both physical and chemical sedimentary processes. Ultimately, this work builds on
our general understanding of Precambrian red bed formation and more specifically
the oldest well-documented terrestrial red beds hosted in the HSG.

AN INVESTIGATION INTO LABORATORY SCALE KINETIC TESTS:
MICROBIOLOGY AND GEOCHEMISTRY AT 4°C AND 22°C

Kaitlyn Crawford!, Gary Schudel?, Benoit Plante2, Joyce McBeth!
"University of Regina, 2University du Québec en Abitibi-Témiscamingue.
E-mail: joyce.mcbeth@unregina.ca

Laboratory-scale kinetic tests are often used to predict the onset of acid mine
drainage (AMD) or contaminated neutral drainage (CND) by evaluating the release
rates of metals and ions from mine waste materials. This information guides costly
decisions on mine waste management and water treatment. However, there are still
gaps in our understanding and interpretation of scaling-up effects in kinetic tests.
Humidity cell tests are repeated cycles of wetting and drying tailings samples to
accelerate weathering processes and determine drainage characteristics over time.
Due to the known role of microorganisms in AMD metal cycling and sulphur oxi-
dation, the objective of the present study is to examine changes in drainage chem-
istry and the microbial communities present in the tailings, and their relationship to
one another during humidity cell experiments. In previous studies, culture-based
work has been done on humidity cell tests; however, culture-based work does not
capture the full picture in terms of diversity and temporal changes in the microbial
communities present. Thus, we are using high-throughput amplicon sequencing at
timepoints throughout our study to gain further insight on microbial community
changes during the tests. Eight humidity cells were constructed with four tailings
samples from two sites. The humidity cells were operated for 42 weeks, with one set
of four cells at 4°C and the other at room temperature (~22°C). Leachates were col-
lected weekly and analyzed for pH, electrical conductivity, and metal and anion con-
centrations. Leachates were also filtered every four weeks to collect samples for
microbiological analyses. Small solid samples (~3 g) were collected from each
humidity cell every four weeks. X-ray absorption spectroscopy (XAS) was used to
identify changes in the chemical species and oxidation states of iron and arsenic.
High-throughput sequencing of the 16S rRNA gene was performed on DNA
extracted from the solid samples and filtered leachates to monitor changes in micro-
bial communities over time. Preliminary geochemical analyses suggest that the
leachates differ in key ion loadings between 4°C and ambient lab temperatures.
Understanding the impact of temperature and microbiology on these tests can help
to improve our understanding of scale effects. The results of this study will help to
guide practitioners in interpreting the results of humidity cell tests, with the overall
goal of better informed mine site planning,
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SIMULATIONS OF RADIONUCLIDE PRODUCTION IN ANCIENT
HYPERSALINE BRINES

Bianca Currie!, Christopher Charles!2, Roberta Flemming!, Aurelia Laxdal?
"Western Univiersity, 2TRIUME
E-mail: beurri2@uwo.ca

The rate short-lived nuclides 236-uranium (half-life = 23 M.y.), 129-iodine (half-life
=15 M.y.), and 36-chlorine (half-life = 300 kyr) were recently detected by accelerator
mass spectrometry (AMS) in the world’s oldest water at Kidd Creek Mine (KCM) in
Timmins, Ontario. This ancient water (ca. ~2 Ga) is an ultra-deep hypersaline brine
located at the —8000-ft level in an isolated subsurface fracture network of KCM. The
presence of extant 236U, 1291, and 3¢Cl with half-lives much shorter than the age of
the brine is unexpected and must arise from the natural spontaneous fission of U
and Th in the system (anthropogenic contamination has not occurred). This project
will use FLUKA, a well-known particle interactions code, to develop a numerical
simulation that (A) reproduces the measured AMS ratios of 2%6U/U, 121/1, and
36Cl/Cl at KCM, and (B) provides a tool to predict the presence and concentrations
of other short-lived isotopes that may be present in ancient geologically isolated
waters due to low-energy nuclear processes. Our FLUKA model accurately incorpo-
rates the mineralogy and geochemistry of the surrounding KCM geology and brine,
geometry of the subsurface fracture network, and other geochemical processes (i.c.
water-rock interactions) in the system. Outcomes include an improved understand-
ing of low-energy radioactive decay and sequestration in the deep subsurface, refine-
ments to FLUKA for introducing spontaneous fission relevant to geological sys-
tems, and improved knowledge of possible energy sources for isolated life in deep
subsurface waters in the Earth and other planetary bodies (i.e. Europa, Mars, etc.).

USING MAJOR AND TRACE ELEMENT GEOCHEMISTRY FOR DOMAIN
DEFINITION IN GRADE CONTROL MODELS, DETOUR LAKE MINE,
ONTARIO

Sarah Davey
Agnico Eagle Mines Limited.
E-mail: sarah.davey@agnicoeagle.com

The Detour Lake Mine is an orogenic hydrothermal lode gold deposit located at the
northern extent of the Abitibi Greenstone Belt, Superior craton, Ontario, Canada.
Gold mineralization at the Detour open pit formed in at least two stages including
a sulphide-poor vein stockwork focused along the Sunday Lake Deformation Zone
and a sulphide-rich overprint in hanging wall lithologies. Complexities in gold min-
eralization style combined with challenges related to gold estimation (e.g. multiple
mineralization trends and orientations, complex deformation history, and lack of
visual controls) provide motivation to characterize and define geological domains
with geochemistry in order to enable grade control modelling that reflects the com-
plex gold distribution patterns present. Using a database of more than 65,000 major
and trace element geochemistry samples collected from reverse circulation delin-
cation drilling and comparison to rock samples collected from drill core, I report a
step-by-step approach to geochemical interpretation for identifying unique geo-
chemical domains. This workflow requires characterization of rock types using
unconventional binary plots. For example, due to the absence of SiO, data, metals
such as Ni and Co are used to distinguish mafic and felsic rocks. Overall, the
approach aims to distinguish key patterns and trends important for grade estimation
and geometallurgy such as ultramafic talc-bearing units, hydrothermal alteration
types and mineralization.

ASSEMBLY OF THE SUPERIOR PROVINCE: THE BEGINNING OF
PLATE TECTONICS?

Donald Davis
University of Toronto.
E-mail: dond@es.utoronto.ca

Archean plate tectonics has been debated for over 50 years despite the accumulation
of ever larger amounts of data. The Superior province is the largest and best studied
Archean craton. It consists of a number of Paleo-Mesoarchean terrains in the north
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and a series of E-W trending plutonic and greenstone dominated terrains separated
by metawacke dominated belts to the south. These terrains contain Mesoarchean
and Neoarchean aged domains mostly deposited over a short time span. There is no
evidence for a craton-wide ancient basement. Most volcanics in granite-greenstone
terranes are calc-alkaline or tholeiitic, derived from juvenile mantle and erupted
under submarine conditions, primarily over the period 2.75-2.70 Ga. Metawackes
were mostly deposited after 2.70 Ga with a provenance consistent with adjacent
greenstone belts. They may represent foreland basins whose source rocks were
uplifted above sea-level along early thrust faults, overriding the basins, and resulting
in a laminated crust. This is now exposed as subprovince belts due to large-scale
folding. Volcanic and sedimentary sequences were intruded over the period 2.70—
2.68 Ga during regional deformation by sanukitoid suite plutons, whose geochem-
istry suggests derivation from melting of metasomatized mantle followed by crustal
assimilation. The simplest interpretation is an arc followed by an accretionary period
that culminated in collision followed by slab breakoff. The upwelling of hot
asthenosphere into metasomatized mantle led to extensional uplift, recorded in late
Timiskaming-type sedimentation and alkaline volcanism, along with plutonism,
deformation and gold mineralization. Continued strain from the collision imposed
an E-W trending dextral transpressional fabric along major regional faults. The most
definitive evidence for plate tectonic accretion is the presence of this structural fea-
ture over a 1000 km-scale. This is not seen elsewhere in eatlier crustal blocks where
deformation appears dominated by vertical processes such as diapirism. Diapirism
also operated in the Superior province, but it produces deformation at the scale of
crustal thickness. To explain a consistent structural pattern over a plate scale requires
plate tectonics almost by definition. It is probably not possible to decide the ques-
tion of plate tectonics without studying regions at a scale approaching that of tec-
tonic plates and many older cratons are too small. The Superior event may represent
the earliest evidence for large-scale accretionary/collisional processes resulting from
subduction.

SUBDUCTION-RELATED DIAMOND SUBSTRATES ALONG THE SW
MARGIN OF THE SAO FRANCISCO CRATON, BRAZIL

Luisa de Carvalho!, Thomas Stachel!, Graham Pearson!,
Suzette Timmerman?, Richard Stern!, Tiago Jalowitzki?, Ricardo Scholz?,
Reinhardt Fuck?
University of Alberta, 2University of Bern, 3University of Brasilia,
4Federal University of Ouro Preto.
E-mail: luisa.carvalho@ualberta.ca

The nature of the lithospheric mantle underpinning the Southwestern Sao Francisco
Craton, in Brazil, is poorly constrained due to cover rocks obscuring the basement.
Limited chemical depletion recorded in the dominant population of lherzolitic
inclusions in diamonds indicates a likely post-Archean age for the lithospheric man-
tle beneath this part of the craton. The influence of subduction-related processes
on the origin of diamonds in this area has been inferred from the presence and char-
acteristics of eclogitic and websteritic diamonds. Here, carbon, nitrogen and oxygen
stable isotope data are used to further constrain the link between subduction
processes and diamond formation in the southwestern margin of the Sio Francisco
Craton. The 8'3C compositions of diamonds cover a large range from —25.5 to
+0.5%o. The 13C-depleted and enriched portions of the distribution are clearly dom-
inated by diamonds of known eclogitic/websteritic and lherzolitic paragenesis,
respectively. Measured 815N values range from —14.2 to +20.9%o, with about 50% of
the values being positive. While positive and negative 3'5N values occur equally near
the 813C mantle value, 8'3C-depleted diamonds have 85N skewed towards positive
values. The 880 compositions of eclogitic garnet inclusions fall in a restricted range
of values from +5.5%o to +7.0%o. A negative coupling of 880 and 813C signatures
of inclusions-host diamonds is observed. The stable isotope characteristics of dia-
monds in our study overlap the main modes observed for diamonds worldwide, but
many deviate from typical mantle values. Globally, occurrences that contain a dis-
tinct tail to 313C-depleted compositions are all in post-Archean geological settings
associated either with subduction along craton margins or with thermally perturbed
settings. The observation of coupled 813C depletion and 815N entichment in dia-
monds provides clear evidence for the involvement of subducted organic material.
The presence of both 13C-depleted and -enriched compositions can be explained by
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carbon derived from reservoirs hosted in the upper sections of altered oceanic crust.
Such reservoirs are paired with nitrogen incorporated during formation of low tem-
perature (< 100°C) clays, which is characterized by positive 815N values. Low-T altet-
ation also causes 8O-enriched inclusion compositions. The minor presence of dia-
monds with depleted 315N likely indicates an additional contribution of deeper por-
tions of oceanic crust, whete high temperature clays may acquire low 815N values.
In conclusion, we invoke a geochemical system that involves a mantle component
and additional distinct reservoirs hosted in altered oceanic crust to explain the iso-
topic diversity of diamonds from the southwestern Sio Francisco Craton.

COMMUNICATING SPACE WEATHER IN CANADA: AURORA
CHASERS, SOLAR CARTOONS, AND SPACE PHYSICS

Shona V.Z. de Jong
Queens University.
E-mail: shona.dejong@quneensu.ca

Because of rapid terrestrial climate change, few humans ate thinking about space
weather and its potential impacts on the built environment. Yet, both terrestrial cli-
mate and space weather are affected by small changes as the Sun undergoes its 11-
year solar cycle. Space weather is another phrase for “storms from the sun”. The sun
emits bursts of radiation - and high-speed protons and electrons - as solar flares,
geomagnetic storms, solar radiation storms and coronal mass ejections. If a large
burst is directed at the Earth, these storms have the potential to interfere with satel-
lite operations, electrical power grids, airlines and much more. To illustrate, on the
13 March 1989, a spectacular northern lights/geomagnetic storm caused an electri-
cal power blackout for the entire province of Quebec. This presentation provides a
brief overview of space weather as a global natural hazard issue. Three case studies
are offered to illustrate the role of university researchers - especially earth scientists
- in addressing the associated risks. Space weather hazard risk communication exam-
ples are provided from: (a) local sky knowledge; (b) solar cartoons; and (c) solar and
space physics. The space weather event impact patterns on electric power grids,
communication technologies, satellite navigation and transportation systems under-
score the need for interdisciplinary analysis. This study recommends interdiscipli-
naty research teams to support space hazard risk science in policy dialogue and
debate.

EARTHQUAKE EARLY WARNING EDUCATION (E3) PRACTICES,
PROCESSES, AND PRIORITIES

Shona V.Z. de Jong'2, Glenn Dolphin2
1Queens University, 2University of Calgary.
E-mail: shona.dejong@queensu.ca

Results of the Earthquake Farly Warning Education (E3) Pan Canadian bilingual
survey will be shared with generalists working with the Canadian alerting system.
Nation-wide action is being encouraged to advance seismic science education. The
point is to raise awareness of the importance of geoscience in crisis communication.
In 2022, the E3 Project surveyed all Canadians to get a picture of seismic science -
society interface. The University of Calgary (U of C) Conjoint Faculties Research
Ethics Board approved this study (REB22-0966) and participation was confidential
and voluntary. The entire Canadian population was randomly invited to complete
the E3 survey: E3 Survey, Phase I - November 2022—January 2023; E3 Survey, Phase
II - currently live. The U of C has not yet received results of the E3 Survey, Phase
II. Results of the E3 survey (Phase I) have been analyzed and organized by the fol-
lowing themes: (a) Overall seismic science knowledge; and (b) Awareness and use of
online seismic science information and services. Meaningful differences in responses
among Canadian sub-groups - including Canadians who identify as ethnically
diverse, Canadians who identify as LGBTQ2S+, Canadians with disabilities and new
immigrant Canadians - are noted. We learned that expressing knowledge of earth-
quake intensity and earthquake magnitude was challenging for many Canadians. The
survey data are being used to help: (a) Identify the most common misunderstanding
of seismic science; (b) Improve a culture of seismic science in all aspects of the
Canadian resilience to earthquake risk; and (c) Collaborators provide input into fur-
ther actions the U of C E3 can take to promote E3 nationally and internationally.
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EARTHQUAKE EARLY WARNING EDUCATION (E3) PARTNERSHIPS:
A KNOWLEDGE TO ACTION INITIATIVE

Shona V.Z. de Jong!2, Yu-Yen Pan3, Marie-Héléne Graveline,
Glenn Dolphin?
1Queens University, 2University of Calgary, 3Simon Fraser University,
4Université du Québec 2 Montréal.
E-mail: shona.dejong@queensu.ca

Partnerships with Earth Science for Society, the Canadian Federation of Earth Sci-
ences and others have been critical for reaching the target audience of the Pan Cana-
dian bilingual E3 Survey. Research partners also circulated our 2022 article entitled
“A new earthquake warning system will prepare Canada for dangerous shaking” and
its key message: “About 10 million people live in Canada’s earthquake-prone zones.
Yet few have practical knowledge of what to do with new early warning system alerts
which aim to save lives and protect livelihoods”. These partnerships also provide the
structure for the distribution of the E3 survey final report to the Council of Chairs
of Canadian Earth Science Departments and others. The primary aim of this pres-
entation is to outline how our partners have helped us to research on three questions
of national interest: (1) How do Canadians build their earthquake literacy? (2) What
information is required to build Canadians’ E3 geoliteracy levels? (3) How can Cana-
da support E3 in disaster risk management activities and programs (and close the E3
Knowledge to Action gap)? We showcase how the Knowledge to Action framework
analysis of E3 survey results reveals multiple aspects of E3 delivery that need to
change. With evidence-based recommendations, new and existing partners can iden-
tify resource needs and pinpoint future interventions. Overall, we conclude that
investment in future E3 products - via digital delivery - may revolutionize E3 geolit-
eracy levels and close the E3 Knowledge to Action gap.

THEY DO EXIST! A FIRST LOOK AT VOLCANIC ROCKS OF THE
TALTSON ARC PRESERVED WITHIN THE WAUGH LAKE GROUP,
SOUTHERN TALTSON OROGEN

Jordan Deane!, Kathryn Bethune!, Ken Ashton2, Nicholas Montenegro!
University of Regina, 2Saskatchewan Geological Survey.
E-mail: crashdeane@hotmail.com

Arc-related volcanic rocks are rarely preserved within Paleoproterozoic orogens;
instead, we commonly just see their deeper-level (intrusive) equivalents. The Waugh
Lake group (WLg), a 2.02-1.97 Ga greenschist-facies supracrustal succession, is
potentially one such rare occurrence. This group was previously interpreted as the
remnant of an intra-arc basin, or alternatively a back-arc, that formed on the SW
margin of the Rae craton during the 2.0-1.93 Ga Taltson orogeny. It is preserved in
a small synformal outlier, bordering the Taltson magmatic zone spanning the Alber-
ta-Saskatchewan border. Its lower sequence comprises a spatially extensive turbiditic
package with locally observed younging reversals, unconformably overlain by a thin
unit of strongly foliated polymictic conglomerate with flattened clasts of impure
quartzite, granitoid rocks, rhyolite, and basalt in a schistose matrix. These are in turn
overlain by the upper sequence, comprising two cycles of variably sheared pebbly
arkosic subarenite units each overlain by units of intermediate-felsic volcanic-vol-
caniclastic rocks with discernible primary textures such as phenocrysts and lapilli.
The two paired siliciclastic-volcanic cycles are separated by a distinctively green unit
of mafic-intermediate tuff interbedded with lithic wacke. At the top of the upper
sequence is a unit of mafic-intermediate volcanic rocks with local autoclastic breccia.
All WLg units are intruded by a suite of ca. 1.97 Ga Taltson granitoid rocks and
folded along NNE-trending axes. Preliminary geochemical analyses of upper
sequence volcanic rocks indicate calc-alkaline affinity with compositions ranging
from basalt to dacite. All units have strongly fractionated REE (La/Yby = 12.6—
26.2) with a minimally to moderately negative Eu anomaly (Eu/Eu* = 0.62-0.90)
and more strongly fractionated LREE (La/Smy = 3.5-5.0) relative to HREE
(Gd/Yby = 1.5-3.2). Furthermore, when normalized to N-MORB, all units exhibit
high Th relative to Nb, Ti, Y, and Yb, and when plotted on tectonic discrimination
diagrams, all are diagnostic of an arc environment. Based on the strongly arc-like
geochemical character of volcanic rocks, the earlier interpretation of an intra-arc
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basin is preferred for upper WLg. Further, the basal unit of the upper sequence,
marked by pebbly arkosic rocks, indicates a sharp change in depositional environ-
ment (i.e. increase in continentally-derived detritus) from lower sequence turbidites,
and points to a continental arc setting. This, together with the early phase of folding
in the lower sequence and variable, locally intense, strain in the upper sequence sug-
gests contrasting tectonic histories, and a potential age gap. This will be tested with
future geochronological and isotopic study.

THE UPPER CONTACT UNIT (ROOF ROCKS) OF THE SUDBURY
IGNEOUS COMPLEX, NORTH RANGE, SUDBURY IMPACT
STRUCTURE

Lindsay Debono, Gordon Osinski, Richard Grieve
Western University.
E-mail: lindsaydebono@gmail.com

The Sudbury Igneous Complex (SIC) represents the remnant of a crystalline impact
melt sheet of the Sudbury impact structure. In addition to being the best example
on Earth of a differentiated impact melt sheet, the SIC is historically, and presently,
a strategic exploration target sustaining the region’s prolific mining activities. In
order to better understand the SIC, it is critical to investigate the chilled upper con-
tact of the SIC - the Upper Contact Unit (UCU), which has historically received little
attention. This unit has been previously erroneously referred to as the “Onaping
Intrusion” and various other terms and considered part of the overlying Onaping
Formation. Through field observations, whole-rock geochemistry, petrography, and
electron microprobe analysis, we conclude that the UCU is extensive across the
North Range of the SIC. Additionally, the geochemistry of the SIC units, offset
dykes, and Upper Contact Unit of the SIC presented here demonstrates that the
UCU roof rocks represent a more accurate proxy than the offset dykes for the initial
composition of the SIC. Finally, this study indicates that the UCU lithology should
no longer be considered an intrusive melt of the basal Onaping Formation breccias.

THE INCORPORATION OF GEOPHYSICAL, PETROPHYSICAL, AND
GEOLOGICAL CONSTRAINTS IN GRAVITY MODELING TO RESOLVE
STRUCTURES AT DEPTH

Fabiano Della-Justina, Richard Smith
Laurentian University.
E-mail: fustina@lanrentian.ca

Gravity modeling is an important tool for interpreting and understanding geological
structures in the subsurface. In forward modeling or inverse modeling, the main goal
is to modify a geophysical/geological model to accomplish an acceptable level of
reproducibility of the model data with the observed data. However, due to the non-
uniqueness of potential-field data, more than one model might fit the observed data.
In order to reduce the number of acceptable models, constraints are commonly
incorporated into the model. There are countless studies available in the literature
demonstrating the necessity of constraining gravity and magnetic models. However,
typically they do not demonstrate the individual enhancements that come as a con-
sequence of integrating each constraint into the geophysical model. This study
demonstrates how the model, either inverse or forward, is improved as new con-
straints are built into the modeling workflow. The constraints include information
from a density compilation, high-resolution seismic sections, geological maps as well
as geological interpretations. The mapped surface geology and the density of this
surface data were important to explain the gravity variations associated with faults
and to estimate the dip and the error in this dip estimation. The high-resolution seis-
mic sections were helpful to identify reflective features that were most likely litho-
logical contacts where there could be changes in density. Incorporating some of
these deeper features and the gradual changes in depth evident in the seismic data
resulted in changes in the thickness of the near-surface rocks that were more con-
sistent along strike. Information from previous studies in the area, such as geological
interpretations of seismic sections, were required to ensure the geological feasibility

of gravity models.
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VOLCANIC AND TECTONIC SETTINGS OF VOLCANOGENIC MASSIVE
SULPHIDE DEPOSITS IN THE SLAVE CRATON

Michelle DeWolfel, Bernadette Knox2
Mount Royal University, 2Northwest Territories Geological Survey.
E-mail: mdewolfe@mtroyal.ca

Volcanogenic massive sulphide (VMS) deposits are an important source for base and
precious metals globally. Though Phanerozoic rocks contain 72% of the world’s
VMS tonnage, the Archean Eon (8% of the world’s VMS tonnage) was a prolific
time interval for the formation of VMS deposits and the deposits formed duting
this time tend to have higher metal endowment. The Slave craton is composed of
rock assemblages that span the period in Earth’s history from ca. 4.05 to 2.55 Ga
and has an area of ~300,000 km?, covering much of the Northwest Territories and
part of Nunavut, Canada. Yet, despite the known prospectivity of Neoarchean vol-
canic belts for VMS deposits (e.g. Superior craton contains 80% of the Archean
VMS tonnage), those of the Slave craton remain understudied. The Sunrise VMS
deposit is a banded, polymetallic Zn-Pb-Cu-Ag sulphide lens hosted by felsic vol-
canic rocks of the Neoarchean Beaulieu River volcanic belt in the western Slave cra-
ton in the Sunset Lake area of the Northwest Territories, Canada. With historic indi-
cated resources of 1.52 Mt at 5.99% Zn, 2.39% Pb, 0.08% Cu, 262 g/t Ag, and 0.67
g/t Auitis the largest known VMS deposit in the Northwest Territories, and as such
has the potential to add to our understanding of the complexity of Archean VMS
deposits and their host terranes. Detailed lithofacies and geochemical analyses of the
rocks that host the Sunrise deposit document subaqueous, bi-modal, effusive (high-
lighted by FIII lobe-hyaloclastite flows) to pyroclastic volcanism and concomitant
subsidence. Volcanic stratigraphy and architecture, a contemporaneous mafic dyke
swarm within the underlying Sleepy Dragon Complex, and the occurrence of a VMS
deposit, combined with major and trace element geochemistry and Nd, Hf, and Pb
isotopic data, indicate the volcanic rocks and the Sunrise deposit formed on rifted
Mesoarchean crust. We interpret rocks of the Sunrise deposit area to have been
erupted and deposited in a continental back arc basin because the volcanic lithofa-
cies and geochemistry are consistent with those observed in modern arc or rifted arc
settings. Our observations from the Beaulieu River volcanic belt, and the Sunrise
deposit, challenge a previous idea that VMS deposits of the western Slave craton,
which are undetlain by older basement rocks and characterized by evolved Pb iso-
tope values, are less well-endowed than those of the eastern Slave craton (e.g. Hack-
ett River), which are characterized by younger basement and more juvenile Pb iso-
tope ratios.

THE ROLE OF MAGMATIC VERSUS METASOMATIC PROCESSES IN
Ta-Nb MINERALIZATION AT THE JIABUSI DEPOSIT, CHINA:
EVIDENCE FROM TEXTURAL AND CHEMICAL FEATURES OF RARE
METAL MINERALS AND MICA

Xi Diao!, Mingqian Wu2
!China University of Geosciences (Beijing), 2University of Windsor.
E-mail: diaoxi0303@gmail.com

The role of magmatic versus metasomatic processes in peraluminous Ta-Nb-miner-
alizing systems has received great attention yet remains an open question. Economic
Ta-Nb-Li mineralization occurs in a lepidolite granite and an internally zoned mar-
ginal pegmatite (MP) that lies above the lepidolite granite. Principal Ta-Nb oxides at
Jiabusi are columbite-group minerals (CGM) and pyrochlore-supergroup minerals
(PSM) that occur in different mineral associations and exhibit different textural and
chemical features. The CGM in the Fe-mica granite and the pegmatite portion of the
MP developed penecontemporaneously with cassiterite and PSM, all of which are
always in equilibrium with Fe-mica. These CGM generally exhibit gradual increases
in Ta/(Ta+Nb) and Mn/(Mn+Fe) values from cote to rim. On the other hand, the
PSM can be further divided into two generations: an eatly crystallization of keno-
plumbopyrochlore and a late crystallization of kenoplumbomicrolite. Textural and
chemical evidence suggests that Fe-mica is magmatic, such that the co-precipitated
CGM and PSM are also magmatic and represent the first stage of mineralization at
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Jiabusi. The following stage-11 mineralization occurred in the lepidolite granite and
the aplite portion of the MP and is manifested mainly by columbite-(Mn) overgrown
by aggregates of Ta-Nb oxides, but also as individual crystals that are in equilibrium
with snowball quartz and interstitial, anhedral fluorite that have a metasomatic ori-
gin. Stage III is represented by CGM overgrowths that have partially resorbed or
replaced the Stage-1I columbite-(Mn). These overgrowths have 2-3 times higher
Ta/(Nb+Ta) values than the Stage-II columbite-(Mn), such that there is a clear com-
positional gap between Stage-11 and Stage-1II CGM. The Stage-1V PSM, which con-
sists of an eatly crystallization of fluorcalciomicrolite and a late crystallization of
hydromicrolite, occur as a partial replacement or overgrowth on the stage-1II CGM
aggregates and are in equilibrium with albite. Our observations suggest that the min-
eralizing stages of 1I to IV and the formation of snowball quartz, fluorite, lepidolite,
Cs-rich lepidolite, and albite in the lepidolite granite and aplite are all governed by
metasomatism. The Ta-Nb ore-forming processes governed by magmatic fractiona-
tion and multiple stages of metasomatism, revealed in this study, suggest that Nb-
Ta oxides of different origins are distinct in mineral associations and textural/chem-
ical features. Metasomatic processes are critical to economic Ta-Nb enrichment at
the Jiabusi deposit.

Li-EXPLORATION AND PROCESSING: THE CASE STUDY OF
SPODUMENE FROM THE BARROSO-ALVAO FIELD, NORTHERN
PORTUGAL

Filipa Dias!, Alexandre Lima!, Encarnaciéon Roda-Robles?, Tania Martins3
"Universidade do Porto, 2University of Pais Vasco, 3Manitoba Geological Survey.

E-mail: filipa.dias@fe.up.pt

To start identifying, analyzing, and developing methodologies to process spodumene
from a new lithium (Li) deposit, such as the Barroso-Alvao (BA) field, a preliminary
study should consist of the following: (1) spodumene texture (e.g. grain size); (2)
spodumene paragenesis; and (3) spodumene geochemistry. In the BA field, spo-
dumene can be found in the Li-rich aplite-pegmatites, both in aplitic zones (fine spo-
dumene - micrometric to millimetric) and pegmatitic zones (coarse spodumene -
centimetric). However, it becomes more complex. First, there are two types of spo-
dumene-bearing aplite-pegmatites in the BA field: type A in which the main Li min-
eral is spodumene and type B where the main Li-minerals are petalite and spo-
dumene (with varying proportions). Second, the aplite-pegmatites have been
deformed and fine spodumene can also be found surrounding coarse spodumene
and/or petalite in the pegmatitic zones. In the type A, the zones with higher Li con-
centrations can be: (1) single centimetric crystals of spodumene (rare texture); (2)
centimetric spodumene intercalated with centimetric quartz; (3) zones with only
micromettic to millimetric mixtures of spodumene and quartz; and (4) fine mixtures
of spodumene and quartz surrounding millimetric to centimetric feldspars and
quartz. In the type B, the zones with higher Li concentrations can be: (1) centimetric
spodumene crystals intercalated with centimetric quartz (next, or not, to centimetric
petalite); (2) centimetric bands of only micrometric to millimetric spodumene inter-
grown with micrometric to millimetric quartz; (3) micrometric to millimetric mix-
tures of spodumene and quartz inside, crosscutting, or surrounding centimetric
petalite crystals. These fine mixtures can also crosscut and surround other minerals
such as feldspar and quartz; (4) single crystals of petalite; and (5) centimetric to mil-
limetric spodumene surrounded by micrometric petalite, which can also surround
other minerals such as quartz and feldspars. The BA field has (I) Li-barren aplite-
pegmatites mixed with the Li-rich and (II) Li-barren zones inside the Li-rich peg-
matites; (II) similar Li-minerals (spodumene and petalite), and (IV) fine mixtures of
spodumene and quartz sometimes invisible to the naked eye. A portable Laser
Induced Breakdown Spectroscopy (LIBS) equipment has been calibrated with local
selected samples of (a) spodumene; (b) petalite, and (c) mixtures of spodumene and
quartz to help to identify them. Alij6 and Adagéi are the two aplite-pegmatites
selected by the project CAVALI - Cadeia de Valor do Litio (POCI-01-0247-FEDER-
047728) to retrieve and concentrate spodumene ore. Alijo is an aplite-pegmatite of
the type A with Li concentration in the form of 2-4; and Adagdi is an aplite-peg-
matite type B.
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Nd ISOTOPE MAPPING: THE MISUNDERSTOOD KEY TO GRENVILLE
GEOLOGY

Alan Dickin
McMaster University.
E-mail: dickin@memaster.ca

Recent isotopic studies of Precambrian orogenic belts show a tendency to the
increasing use of Hf isotope analysis supported by in-situ U-Pb dating. This tech-
nique can give a very detailed picture of the geological history of a small number of
samples, but high costs limit its ability to provide wide geographical control between
sample localities. In orogenic belts with major supracrustal sequences, conventional
field mapping may provide the necessary geographical control. However, collisional
orogenies such as the Grenville Province typically cause deeper exhumation of the
crust, creating large regions of high-grade gneisses with few distinctive geological
features. In this situation, Nd isotope analysis allows detailed geographical mapping
of crustal formation ages, and hence permits the precise delineation of terrane
boundaries between widely separated U-Pb dating localities. However, the Nd
model age dating method has been widely misunderstood, and its results disbelieved.
This talk will give some examples of how detailed Nd isotope mapping can elucidate
poortly understood structures in the Grenville Province, especially for the complex
geology of the Ontario gneiss belt and the enigmatic geology of the ‘composite arc
belt’.

LAC DES ILES PGE-Cu-Ni DEPOSIT: CURRENT STATE OF
KNOWLEDGE

Lionnel Djon, William D. Smith
Impala Canada.
E-mail: /djon@inmpalacanada.com

Opver 50 years of exploration and 30 years of mining at Lac des Iles (LDI) have gen-
erated a tremendous geoscientific database including over 875,000 assays and
~1,300,000 metres of diamond drill core. This database underpins several
immutable facts related to various aspects of the LDI. Incidentally, highlights of this
contribution regarding the PGE-Cu-Ni resources within LDI include: (a) The ~2.69
Ga mafic-ultramafic LDI Complex emplaced during a regional collisional orogeny
that affected the Wabigoon and Quetico cratonic domains; (b) The South LDI Com-
plex parental magma is a volatile-rich basaltic andesite based on mineral chemistry
and thermodynamic modelling, consistent with the composition of local mafic-
intermediate dykes; (c) Coexistence of olivine and orthopyroxene indicates batch
crystallization and only locally developed feldspathic cumulates are consistent with
fractional crystallization; (d) The most important distinguishing features of the LDI
deposits compared to peer-group PGE-Cu-Ni deposits are the greater thickness and
vertical extent of high-tenor disseminated sulphides, typically exceeding several hun-
dred ppm Pd in 100% sulphide; (¢) Grade distribution predominantly reflects the
primary structural control on magma flow and sulphide accumulation; (f) The high-
est Pd grades, although principally located along an inferred pre-magmatic regional
feeder fault, locally follow other major faults as well as lithological contacts; (g) The
consistent observed increase in Pd:Pt and Pd:Au ratios with increasing Pd grade is
not typically seen in other PGE deposits; (h) Palladium mineralization is commonly,
but not universally, associated with disseminated Fe-Cu-Ni sulphide mineralization
with total sulphide mineral abundances of 0.5 to 2%; (i) Palladium principally occurs
in Te-, Bi- and S-bearing platinum-group minerals displaying a wide range of tex-
tures and mineral associations but having similarities to Pd-bearing minerals docu-
mented from other PGE deposits; (j) The South LDI Complex was affected by syn-
to post-magmatic faulting that has complicated the interpretation of primary ore-
forming processes and the pre-faulting configuration of ore zones. The most impor-
tant of these structures, Offset and the parallel Camp Lake Fault, divide the main
deposit into three structural blocks (Roby, Offset, and Camp Lake); (k) Hydrous
alteration and ductile deformation were focused in the Roby-Offset central domains,
converting mineralized norite to chlorite-actinolite schist, but not significantly mod-
ifying the primary precious and base metal grades. The LDI deposits are truly unique
amongst the family of magmatic PGE-Cu-Ni sulphide deposits. Although a huge
amount of knowledge has been gained over a half century of exploration, there
remains much more to learn from this world class Pd resource.
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RESEARCHING PUBLIC UNDERSTANDING OF EARTHQUAKE
MAGNITUDE AND INTENSITY IN PREPARATION FOR CANADA'S
FORTHCOMING EARTHQUAKE EARLY WARNING SYSTEM

Glenn Dolphin!, Shona V.Z. de Jong'2, Jason Dropoth!, Esther Muturi!
University of Calgary, 2Queens University.
E-mail: glenn.dolphin@ucalgary.ca

In preparation for the forthcoming Earthquake Early Warning System (EEWS) to
be implemented in the western and eastern regions of Canada, our group is
researching aspects of the alerting system to better prepare the Canadian public to
take appropriate protective actions upon receiving an alert. Specifically, we are inves-
tigating two concepts the EEWS uses in its process of developing and sending out
alerts to the public, earthquake magnitude and earthquake intensity. In North Amer-
ica, the public often conflates these two ideas, and it is our goal to help the Canadian
public develop a robust understanding of both. We are approaching the problem
from three directions: historical, linguistic, and socio-cultural. The historical
approach focuses on understanding the developmental trajectory of earthquake
magnitude and intensity as a result of major earthquakes and developments in tech-
nology. The approach will result in a historical case study for teaching these con-
cepts. The linguistic approach focuses on how these concepts are framed in schools,
social media, and news media based on the language used when talking about them.
This focus will develop linguistic strategies for communicating the concepts to the
public. Finally, the socio-cultural focus examines these concepts within the Canadian
context, how living in an active or quiescent seismic zone and educational emphases
play a role in the public’s understanding of magnitude and intensity. Here we will
develop strategies for teaching the public that take into consideration the specific
contexts of the target populations.

CONTROL OF CRUSTAL DEFORMATION ON OROGENIC Au
MINERALIZATION IN HIMALAYA: A CASE STUDY FROM BUZHU

Chaoyi Dong!2, Qingfei Wang?!, Daniel Gregory?2
IChina University of Geosciences, Beijing, 2University of Toronto.
E-mail: dongchaoyi0808@gmail.com

The Buzhu Au deposit, located on the Kangmar dome margin in the Himalayan oro-
gen, provides an opportunity to investigate the control of crustal deformation on
Au mineralization. The deposit contains Au veins controlled by Dj eatly subhotizon-
tal shear zones and later extensional faults which formed after thrust-related D, and
extension-related D, deformation. During D, and D, episodes, a metamorphic
quartz-pyrite-muscovite-chlorite = paragonite assemblage formed along foliations,
followed by an Au-related quartz-pyrite-muscovite-chlotite £ arsenopyrite = base-
metal-sulphides assemblages during the formation of a crustal dome in D;. The esti-
mated temperature range using chlorite geothermometry for mineralization was
292-348°C, higher than regional metamorphism. The relatively higher Fe2+/Fe3+
ratio in hydrothermal mica than in metamorphic mica suggests that mineralization
occurred under relatively reduced conditions. Pyrites from diagenetic and metamor-
phic stages contain negligible Au and low As, with significant 834S variation. In con-
trast, hydrothermal arsenian pyrite and arsenopyrite have higher Au and a restricted
83S range. The Dj; fault system controlled the vein system that experienced three
deformation stages, including hydraulic brecciation during stage I, crack-sealing
processes in stage 11 during the ductile-brittle transition, and crosscutting by veins in
newly formed normal faults during stage II1. Stages I and II are characterized by a
quartz-pyrite-chlorite-muscovite  arsenopyrite + base metal sulphides assemblage,
while native Au and pyrrhotite formed in stage I1I. Euhedral quartz in stage I frac-
tures show oscillatory and sector zoning cathodoluminescence patterns. Pyrites in
these veins display coupled Au-As variation, high Au contents, and restricted 3348
values, implying that Au precipitation occurred through fluid-rock reactions. Stage
II quartz displays alternating bright and dark cathodoluminescence bands with cor-
responding high and low Al-Li concentrations, indicating fluid pressure fluctuations.
Pyrite from stage II has a negative correlation between Au and 83§ values (decreas-
ing values from core to rim), consistent with fluid oxidation caused by a fluid pres-
sure drop due to phase separation. Late minor quartz in open spaces transected ear-
lier quartz, implying a drop in the hydrothermal system to near hydrostatic condi-
tions. Partial replacement textures of pyrite and arsenopyrite from stage III with
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slightly varied 834S values and the presence of micro-inclusions and visible Au along
the contact suggest a fluid-mediated dissolution-reprecipitation process. The data
suggest that the Buzhu deposit formed during an extensional setting after crustal
compression, and mineralization occurred as the hydrothermal system transitioned
from the ductile to brittle domain. The mechanisms responsible for Au precipitation
varied from fluid-rock reaction, fluid oxidation, to Au remobilization.

EXTRA-LARGE FLAKE GRAPHITE: A METAMORPHIC-
HYDROTHERMAL MODEL

Cameron Drever, Carson Kinney, Chris Yakymchuk
University of Watetloo.
E-mail: eyakymehuk@mvaterloo.ca

Graphite is a critical mineral and a crucial raw component of many energy storage
devices associated with green energy technology. Larger graphite flakes are particu-
larly valuable for use in battery anodes. Extra-large flake graphite is rare, but one
example is found at the Bissett Creek deposit in the Grenville orogen in Ontatio.
Graphite flakes (1-6 mm in size) are hosted in amphibolite-facies gneisses that
record high-temperature metamorphic conditions of > 760°C at crustal depths of
~20-30 km. Graphite has carbon isotope values (813Cyppg) that range from —28%o
to —14%o; this range is compatible with a biogenic origin but too wide to be gener-
ated exclusively from the graphitization of organic matter. The scarcity of carbonate
minerals at Bissett Creek suggests that this range of carbon isotope values is also not
the product of calcite-graphite isotope exchange. Intergranular graphite microvein-
lets suggest graphite precipitation from a carbon-rich fluid or melt during high-tem-
perature metamorphism; carbon mobilization can also explain the variability in car-
bon isotope values measured at Bissett Creek. We suggest that flake graphite gener-
ated by graphitization during metamorphism was coarsened due to the precipitation
of additional graphite from carbonic fluids or melts present during metamorphism.
This resulted in anomalously large to extra-large graphite flake sizes. A hybrid meta-
morphic-hydrothermal model may explain the petrogenesis of other large to extra-
large flake graphite deposits wotldwide and such metamorphic-hydrothermal
graphite deposits represent excellent prospects for future development.

CONTROLS ON GOLD THROUGH TIME AND SPACE IN THE ABITIBI
GREENSTONE BELT

Benoit Dubé, Patrick Mercier-Langevin
Geological Survey of Canada.
E-mail: ben_dube@sympatico.ca

The Abitibi greenstone belt is one of the world’s major gold-producing regions with
a total endowment, including production (> 200 Moz), reserves, and resources (mea-
sured and indicated), of > 300 Moz Au. A significant part of that gold (~13%) is
synvolcanic and/or synmagmatic and formed between ca. 2740 and 2695 Ma. How-
ever, > 60% of the gold is hosted in orogenic quartz-carbonate vein-style deposits,
predominantly along the Larder Lake-Cadillac (ILILCF) and Destor-Porcupine (DPF)
fault zones. These orogenic deposits were formed during the main phase of crustal
shortening, in which the penetrative deformational and metamorphic fabrics were
generated, in response to a broad north-south regional shortening event defined as
D;. The quartz-carbonate vein-type deposits ate therefore syn- to late-D; and
formed between ca. 2660 and 2640 * 10 Ma. D; regional shortening followed a peri-
od of extension and associated alkaline to sub-alkaline magmatism, and the devel-
opment of fluvial-alluvial sedimentary basins (< 2679-2669 Ma) referred to as
Timiskaming-type in the southern Abitibi. The tectonic inversion from extension to
comptession is < 2669 Ma, the maximum age of the D;-deformed Timiskaming
rocks. Stockwork-disseminated-replacement-style mineralization is also present with
~16% of the gold in the belt. Such deposits are hosted in and/or associated with ca.
2683-2670 Ma, catly- to syn-Timiskaming alkaline to sub-alkaline intrusions along
major faults, especially in southern Abitibi and formed late- to post-alkaline to sub-
alkaline magmatism, the largest deposits being early- to syn-D; (ca. 2670-2660 £ 10
Ma). At belt scale, these illustrate a transition in ore styles during D; shortening
along the length of the LLCF and DPE. The sequence of events, although similar in
most camps, was probably not synchronous at belt scale, but varied/migrated with
time and crustal levels both along the main faults and from north to south. The pres-
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ence of high-level alkaline intrusions spatially associated with Timiskaming con-
glomerate, large-scale hydrothermal alteration, and numerous gold deposits along
the LLCF and DPF indicate that these structures were deeply rooted and tapped
auriferous metamorphic-hydrothermal fluids and melts from the upper mantle
and/or lower crust, late in the evolution of the belt. Although most magmatic activ-
ity along the faults predates gold, magmas have contributed heat, fluids and/or met-
als to the hydrothermal systems in some cases. This great vertical reach explains why
the LLCF and DPF zones are very fertile structures. The exceptional gold endow-
ment along the LLCF and DPF may also suggest that these faults have tapped par-
ticularly fertile upper mantle-lower crust gold reservoirs.

STRUCTURAL CONTROL OF THE GEORGIA LAKE LITHIUM-CESIUM-
TANTALUM-TYPE PEGMATITE, A FIELD AND LINEAMENT ANALYSIS
PERSPECTIVE, QUETICO SUBPROVINCE, ONTARIO

Manuel Duguet, Gaetan Launay
Ontario Geological Survey.
E-mail: manuel.dugnet@ontario.ca

The Georgia Lake area, east of Nipigon Lake is known to host one of the most
remarkable lithium-cesium-tantalum (LCT)-type pegmatite field in Ontario. Geo-
chemistry performed by the Ontario Geological Survey in the mid 2000s established
the genetic link by melt fractionation between the parental Glacier Lake batholith
and the Georgia Lake pegmatite field and associated fertile granites such as the Bar-
bara Lake stock. This fractionation trend is identical to many others documented
elsewhere in LCT-type pegmatite systems. Superimposed on this fractionation trend,
it was shown by multiple studies that structural control can play a significant role at
collecting and channelizing fractionated melts toward third order structural traps.
However, this relationship remained to be demonstrated in the Georgia Lake area.
Fieldwork started by the Ontario Geological Survey in 2019 has shown that the
emplacement of the Barbara Lake stock into host metaturbidite rocks was assisted
by a north-trending fault that crosscut the regional west-trending fabric (composite
Sy.1)- Expression in the field of this fault varies from a N- to NE-trending vertical
foliation defined by biotite near the intrusion to cleavage and local upright folds of
similar trend away from it. Cordierite, andalusite and sillimanite related to the stock’s
contact aureole crystalized locally along this foliation and retrogressed the peak
metamorphic assemblage (garnet-staurolite-biotite-plagioclase-quartz). Preliminary
structural analysis of the lineaments obtained from the treatment of the ASTER
images supports the existence of the Barbara Lake stock N-trending fault and high-
lights the existence of several other N- to NE-trending fault corridors throughout
the Georgia Lake area. These corridors form continuous segments over 40—50 km
in length and are associated with high lineament densities, especially in the vicinity
of the Barbara Lake stock. Based on this lineament analysis, a strong spatial relation-
ship also can be observed between the distribution of the known clusters of LCT-
type pegmatite of Georgia Lake and N- to NE-trending faults. All together, these
results suggest that the known Li-bearing occurrences hosted in pegmatites were
channelized along these N- to NE-trending faults before their emplacement in adja-
cent subsidiary structures. Statistical analyses are underway to further quantify the
spatial relationship and potential links between pegmatites and the different families
of structures occurring in the Georgia Lake area. More field work is warranted to
document the field expression of these N-trending faults, their regional significance,
and their role in the structural control of the Georgia Lake pegmatite field.

WHO WERE YOU? INSIGHTS INTO THE LITHOLOGICAL CHARACTER
OF THE GRENVILLE FRONT TECTONIC ZONE NEAR WANUP,
ONTARIO

Robert Michael Easton
Ontario Geological Survey.
E-mail: mike.easton@ontario.ca

Understanding the original source of any rock package is important for determining
its economic potential and/or any potential influences it may have on local hydrol-
ogy. Multi-deformed and multi-metamorphosed rock packages are no exception,
although the identification process is more complicated. This presentation focuses
on the character of rocks within the Grenville Front Tectonic Zone (GFTZ)
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exposed along the Highway 69 corridor west of the Wanapitei River, near Wanup,
which was last mapped over 60 years ago. Here, rocks in the GFTZ footwall include
metasedimentary rocks of the Huronian Supergroup (HSG), Nipissing gabbro
intrusions (ca. 2217 Ma), and felsic intrusions of the Killarney Magmatic Belt (ca.
1740 and 1450 Ma). The GFTZ here is only 8 km wide, and was overthrust by the
Nepewassi domain, which includes Killarney plutons, some of which are metamor-
phosed at granulite facies, and lenticular belts of orthoquartzite of unknown affinity.
Within the GFTZ hanging-wall, the lowermost 1 km of rock has been subjected to
late-stage cataclasis, which occurs after peak high-grade metamorphism. Above the
cataclastic zone south to the boundary with Nepewassi domain, the hanging-wall is
characterized by numerous lenticular, anastomosing, compositional varied, moder-
ately dipping (45-65°) belts of highly-strained gneiss. So far, only about 30% of the
rocks in the GFTZ have been characterized. Identifiable units in the GFTZ include
East Bull Lake suite mafic intrusions (Cu-PGE potential), biotite-garnet-muscovite
+ staurolite schists geochemically similar to the McKim Formation, medium-grained
felsite bodies geochemically similar to Copper Cliff Formation rhyolite, amphibolite
units that may be HSG mafic flows, and Archean tonalite gneisses. Notably absent
are the major HSG quartzite units expected to be present. Garnet-rich (20-30%)
horizons may represent metamorphosed hydrothermal alteration systems, although
it is not known if they are related to volcanogenic massive sulphide alteration (Zn-
Cu-Pb potential) or metasomatic iron and alkali-calcic alteration (Au = Cu £ Fe +
Co potential), with the latter occurring in the GFTZ footwall northeast of the study
area. Also present are several thin (30-80 cm wide) impure dolomitic marble and
calc-silicate horizons, some containing grossular-fluorvesuvianite-quartz assem-
blages (XRD confirmed), hosted in orthogneiss. These may be similar in origin to
the calcite vein-dykes and pseudocarbonatite rocks in the Boundary Tectonic Zone
near Bancroft, rather than being sedimentary in origin. Metamorphosed dismem-
bered Sudbury dykes (ca. 1250 Ma) are common and serve as an important time-
marker in the GFTZ. Significantly, rocks not observed in the GFTZ, despite their
abundance and proximity to the north and/or south include quartzite, Nipissing
gabbro, and Killarney plutons.

CRITICAL MINERAL POTENTIAL OF THE WESTERN, GRENVILLE
PROVINCE, ONTARIO: AN OVERVIEW

Robert Michael Easton
Ontatio Geological Survey.
E-mail: mike.easton@ontario.ca

The western Grenville Province in Ontario has a long history of critical mineral pro-
duction dating from the 1870s, including commodities such as beryl, copper,
fluorspar, graphite, magnesium metal, molybdenum, phosphate, zinc, and uranium.
Much of this production came from vein deposits during previous times of global
supply concerns, most notably during World Wars I and II. In many instances, these
vein deposits were never exhausted, they simply became uneconomic after discovery
of larger replacement and/or bedded deposits (e.g. phosphate in Florida, fluorspar
in Mexico). The proximity of the western Grenville Province to transportation net-
works, energy infrastructure, and markets, as well as the availability of numerous
detailed studies by the Ontario Geological Survey, necessitates a re-examination of
the critical mineral potential of these deposits. The fluorspar deposits in the Madoc
are ripe for re-evaluation. These fluorite-calcite-barite veins are located along the
NW-trending Moira fault and its splays near the Precambrian—Paleozoic unconfor-
mity. The veins formed during the Silurian from low-temperature hydrothermal flu-
ids localized along the fault and likely sourced from the high-fluorine Deloro peral-
kaline granite. Between 1943 and 1945, 25,000tons of ore was produced with most
deposits only mined to shallow depths (20-60 m). The southeastern trace of the
Moira fault was never explored, and a modern conductivity survey would delineate
additional deposits. In addition, white barite in some of the veins might be a poten-
tial by-product. Other high potential deposit types include: graphite from metasedi-
mentary gneiss, including recent past-producers (Kearney mine) and advanced proj-
ects (Bissett Creek); magnesium metal from ultra-clean and metal-poor hydrother-
mally altered dolomite marble from the Cobden area; and aluminum from syenite
complexes (> 25% Al O;), especially the U- and Th-poor plutons of the ca. 1080
Ma Kensington-Skootamatta suite as well as from numerous anorthosite intrusions
(> 30% ALOs3), such as the Whitestone, Arnstein and River Valley anorthosite intru-
sions. Moderate potential deposit types include: (a) titanium and/ot vanadium from
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a variety of mafic intrusions; (b) beryl, as well as pyrochlore and/or columbite with
and without uranium minerals, from the typical NYF-type (Li-poor) pegmatite veins;
and (c) “metasomatic deposits” that were historically sources of apatite, mica,
molybdenum, and uranium. They are associated with a complex series of host rocks
including “calcite vein dykes”, coarse-grained pink calcite rocks, diopsidites, apatite
veinlets, and mica pyroxenites. They occur with syenite intrusions in crustal-scale
deformation zones, and exhibit footwall-related compositional variations, e.g. urani-
um-rich deposits at Bancroft, aluminium-rich deposits at Craigmont, carbonate-
hosted rare earth element mineralization near Brudenell, and abundant fluorite near
Cobden.

A RE-WARDING POSSIBILITY: RHENIUM ISOTOPE SIGNATURES IN
MOLYBDENITES

Ivan Edgeworth!, Brian Kendall!, Jacob Hanley?
University of Waterloo, 2Saint Mary’s University.
E-mail: jpedgenwo@uwaterloo.ca

Rhenium (Re) is a redox-sensitive trace element that readily substitutes for molybde-
num (Mo) in the molybdenite (MoS,) crystal structure. Given that Re concentrations
in molybdenite commonly range from single-digit to thousands of ppm, mass-
dependent variations in the Re isotope composition of molybdenite hold potential
as a tracer of ore-forming processes. Coupled Re and Mo isotope analyses of
molybdenite could help interpret the dominant fractionation processes (e.g. Rayleigh
distillation, fluid-magma redox conditions, fluid exsolution, fluid boiling, magmatic
differentiation) during mineralization and serve as a potential geochemical tracer for
mineral exploration. Further, combining the Re—Mo isotope systems with Re—Os
molybdenite geochronology may help provide further insights into the temporal
evolution of ore-forming systems. Despite recent progress in analyzing the Re iso-
tope composition of various geological materials (seawater, river systems, igneous
rocks, meteorites, shales), there has been minimal effort to explore mass-dependent
Re isotope variations in molybdenite to date. Using a multi-column chemistry pro-
cedure and Re isotope analysis using multi-collector inductively-coupled plasma
mass spectrometry, this study presents rhenium isotope data for molybdenite from
several deposit types and the Henderson molybdenite standard (NIST RM 8599). In
this study, the 815Re (%o0) = (['"Re/ ¥ Re,p./ ¥Re/ W Reyst sp 3143 |- 1) X 1000)
of a rhenium ICP standard and the Henderson molybdenite standard can be meas-
ured with an analytical precision of < 0.1%o (20). Molybdenite samples from por-
phyry, epithermal, porphyry, greisen, and Mo-Bi-W pipe deposits yield Re concen-
trations between 10 and 650 ppm and 8'¥7Re values that span a range of 0.3%o, sig-
nifying that mass-dependent rhenium isotope fractionation occurs during mineral-
ization. Analyses of multiple molybdenite flakes from the same mineral separate, as
well as of multiple flakes from a single grain aggregate, show minimal variation in
8187Re. This limited variation in 8!87Re at small scales raises the possibility that Re
isotopes can serve as a geochemical tracer for processes acting over large scales with-
in ore-forming systems. This work represents the first steps in the development of

the Re isotope system as a geochemical tracer for ore deposits.

IN SITU SENSOR-BASED ELECTRODE MEASUREMENTS TO IDENTIFY
AND CHARACTERIZE DYNAMIC BIOGEOCHEMICAL PROCESSES

Allison Enright
University of New Brunswick.
E-mail: aenrigh@unb.ca

Many different aspects of landscape restoration, carbon sequestration, and remedi-
ation of contaminated environments are accomplished by low-temperature biogeo-
chemical reactions mediated by biology, including microbes, fungi, and plants. Sev-
eral key reactions, including redox transformations of Fe, Ni, and toxic heavy metals,
are exclusively mediated by microbes. Effective remediation and restoration require
detailed descriptions of these complex systems. Multiple lines of evidence and inter-
disciplinary expertise are necessary to characterize the dynamic biological, chemical,
and physical processes. Significant research has been done on these environments
and processes, characterizing: (i) key environmental variables governing reaction
rates and progress (i.e. pH, temperature, reduction-oxidation potential); (i) nutrients
and metabolites for each significant process or pathway; (iii) stoichiometry of indi-
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vidual reactions; and (iv) microbial strains which mediate key reactions. Successful
long-term restoration and remediation efforts require ongoing re-assessment of key
variables in order to assess shifts in baseline conditions as well as changes in the
dynamic processes. One significant challenge in such efforts is the time delay
between applying a treatment, and having adequate data to assess its effectiveness,
and quantify the impact of specific changes. Electrodes and sensors were used to
passively measure parameters such as pH, redox potential, dissolved O,, and dis-
solved ions in situ at regular intervals. Recently, signal processing techniques have
been applied to these time series data sets and shown to record information about
the dominant biogeochemical pathways active in a system of study. In the context
of environmental restoration, this information could help to assess the effectiveness
of treatments and quantify changes in baseline conditions within hours or a few
days. Decision-makers and site managers would benefit significantly from this real-
time information. In addition, such analytical techniques may assist in verifying long
term ecosystem health, and in predicting tipping points through subtle changes in
signal characteristic which may be detectable eatlier than change in other measure-
ments or characteristics.

EXOMETASOMATISM PROMPTED BY SPODUMENE-BEARING
PEGMATITES AND ITS IMPLICATIONS IN LITHIUM EXPLORATION:
THE CASE STUDY FROM ALIJO (NORTHERN PORTUGAL)

Jon Errandonea-Martin!, Encarnaciéon Roda Robles!, Idoia Garate-Olave!,
Julian F. Menuge?, Axel Miiller?, Alfonso Pesqueral, Tania Martins?,
Alexandre Lima5
University of the Basque Country, 2University College Dublin,
SUniversity of Oslo, *Manitoba Geological Survey, SUniversity of Porto.
E-mail: encar.roda@ehun.es

Barroso-Alvio is part of the NW of the Iberian Massif in Portugal and is known
for significant lithium mineralization associated with granitic pegmatites. Given the
number of open pit mines and pegmatite exposures, it constitutes a target for the
development of lithium exploration techniques. The spodumene-bearing pegmatite
from Alijé is a representative example of Iberian Li-Cs-Ta (LCT) pegmatite that is
currently under exploitation. This contribution provides preliminary results of a lith-
ogeochemical study carried out on the host rocks of the aforementioned pegmatite
within the framework of the EU H2020 GREENPEG project (N°869274). The
Alij6 spodumene-bearing pegmatite is a 32 m wide dyke that intrudes discordantly
into a psammo-pelitic sequence including mica schists, quartz-feldspathic schists,
phyllites, quartz-phyllites, quartzites and metagreywackes. The metasedimentary
sequence was affected by Variscan polyphasic deformation and metamorphism and
was intruded by widespread late- to post-collisional granitoid rocks. The studied
pegmatite body was emplaced at shallow levels of the crust causing a release of flu-
ids that changed the original chemical signature of the host rocks, leading to a meta-
somatic halo around the pegmatite. Quantification of whole-rock geochemical gains
and losses through the isocon method indicates that the pelitic (mica-rich) samples
exhibit a markedly higher enrichment in fluid mobile elements than the quartz-rich
metasedimentary rocks. In mica-rich samples (SiO, < 68 wt.%; ALO; > 16 wt.%),
despite their high Chemical Index of Alteration (CIA > 70) and loss on ignition
(LOIL > 3 wt.%) values, the Li, Sn, and B could be used as indicators of proximity
to a mineralized pegmatite in the area with elevated relative gains of > 2, and show-
ing approximate contents of 200 ppm Li, 15 ppm Sn, and 150 ppm B or higher in
mica-rich host rocks. Contents of about 30 ppm Cs and 300 ppm Rb in these
regional metasedimentary rocks could act similatly, but they should be treated with
caution due to the obtained low relative gains (caused likely by later alteration
processes than the generation of the metasomatic halo). These proposed pegmatite
proximity contents together with the halo width, with a maximum of 50 m in the
studied case, could allow calibration of innovative lithium exploration techniques
applicable in similar metasedimentary host rocks worldwide to identify hidden peg-
matites by their exposed halos.
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CHARACTERIZATION OF MINERALIZING FLUIDS AND MELTS IN
ALKALIC PORPHYRY DEPOSITS - MOUNT POLLEY, BRITISH
COLUMBIA, CANADA

Maria Paula Estrella, Pilar Lecumberri-Sanchez
University of Alberta.
E-mail: mestrell@ualberta.ca

Alkalic porphyries are Cu-Au high grade deposits also known to host important
PGE resources. In contrast to calc-alkalic porphyries, the information available on
the composition of fluids and mineralizing processes responsible for alkalic por-
phyry systems is limited. As a consequence, models from calc-alkalic porphyries are
applied for exploration of alkalic systems. These models do not accurately represent
the paragenetic sequences observed in alkalic porphyry envitonments, and particu-
larly, the alteration mineral zoning upwards remains poorly known. In this context,
this project secks to contribute to the development of a representative geological
model for alkalic porphyries through the study of Mount Polley, in south-central
British Columbia. Mount Polley is an alkalic porphyry copper deposit located in the
largest alkalic porphyry province known in British Columbia. It is one of the shal-
lowest deposits of this kind, such that the alkalic intrusive complex hosting the min-
eralization is well exposed on the surface. Mineralization in Mount Polley is Late Tri-
assic age and occurs in a series of discrete Cu-Au (-Ag) ore zones within and around
hydrothermal-breccia bodies, as well as minor skarn development in coeval volcanic
rocks. The objectives of this research project are (1) to identify the likely source of
mineralizing fluids, and (2) characterize the physicochemical properties of these
mineralizing fluids and evolution through alkalic systems. In order to achieve these
objectives, melt inclusions in the diverse intrusive and volcanic units exposed at sur-
face are being identified towards characterizing how metal budgets evolve and like-
lihood of water saturation for the different units present. In parallel, this study is
looking for fluid inclusions in equilibrium with these melts, as well as through 200
m of vertical exposure towards determining the properties of the fluid and how
those properties evolve as the fluid migrates through rock in a well mineralized alka-
lic porphyry copper deposit.

AERIAL PHOTOGRAPHS TO LiDAR: EVOLUTION OF QUATERNARY
GEOLOGICAL MAPPING IN CANADA

Nicholas Eyles!, Roger Paulen2, Martin Ross3, Syed Bukhari!
"University of Toronto, 2Geological Survey of Canada, 3University of Waterloo.
E-mail: roger.panten@unrean-rncan.ge.ca

The first use of aerial photographs to map glacial landforms in Canada was by EB.
Taylor in 1913, in southern Ontario. After World War I, with the availability of cheap
war surplus aircraft and ex- military pilots and especially after the formation of the
Royal Canadian Air Force in 1924, Canada initiated a massive aerial photography sur-
vey of the entire country, then the largest such undertaking anywhere in the world.
Aerial photos and photomosaics were first used by J. Tuzo Wilson in the 1930s to
map glacial landforms in the Northwest Territories and ultimately resulted in the
first Glacial Map of Canada in 1958; later compilations by Vic Prest and others at
the Geological Survey of Canada were used to map the configuration of the Lau-
rentide and Cordilleran ice sheets during the last glacial cycle. Detailed examination
of glacial geomorphology portrayed on satellite images allowed observations of ice-
moulded landscapes at much larger scales. Various iterations of Landsat imagery
allowed recognition of larger ice flow patterns not previously discernable in aerial
photographs. Later, Radarsat imagery was also applied to interpret glacial landscape
using other parameters, such as surface moisture and reflectivity. This accelerated the
development of new terrain mapping techniques based on analysis of genetically
related assemblages of glacial landforms and underlying sediments as ‘landsystems’.
The Shuttle Radar Topography Mission (SRTM) in the early 2000s ushered in a new
era by creating the first digital elevation models, with a real resolution of 25 m, but
coverage was limited to south of 60 degrees latitude. In 2017, early versions of Arc-
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ticDEM were made available, with digital elevation data of the Canadian Arctic with
resolution of 2 m or less. The availability of new LIDAR data sets now allows map-
ping to 1 m resolution in some areas, and higher (5 cm) using drones. In conjunction
with machine learning techniques for analysis of large digital data sets this is provid-
ing new insights into the origin of glaciated landscapes in Canada, giving a funda-
mental re-evaluation of the structure and mode of flow of Canadian ice masses, in
particular the presence of fast flowing corridors of ice (ice streams), and how gla-
ciers interact with different substrates. The search for critical minerals needed for the
emerging green economy is ultimately reliant on further progress in mapping the gla-
cial geological legacy of the last ice sheets and underscores the need for expanded
national coverage of high-resolution LiDAR.

KIMBERLITE EMPLACEMENT CONDITIONS AS TOLD BY
EXPERIMENTALLY PRODUCED REACTION CORONAE ON ILMENITE
MACROCRYSTS

Lydia Fairhurst!, Yana Fedortchouk!, Ingrid Chinn2, Philippe Normandeau3,
Michael Powell!
Dalhousie University, 2De Beers Group, 3Northwest Territories Geological Survey.
E-mail: 4593526@dal.ca

Kimberlites are mantle-derived magmas often emplaced in Archean cratons as pipe-
shaped structures consisting of various coherent (CK) and volcaniclastic kimberlite
facies, including Kimberley-type pyroclastic kimberlite (IKPK), the host of many dia-
mond deposits, where emplacement mechanism is highly debated. Kimberlites
transport loads of mantle material including diamonds and oxide minerals such as
ilmenite. Ilmenite macrocrysts are not in equilibrium with the kimberlite melt and
form reaction coronae (rims of one or more secondary phases). The composition
of these coronae varies between different kimbertlite facies, most notably forming
perovskite in CK facies and titanite in KPK facies. Here we explore the conditions
leading to crystallization of titanite in KPK in order to better understand the origin
of this complex lithology and differences in the emplacement of different facies
within complex kimberlite pipes. Towards this end we perform piston-cylinder
experiments using synthetic kimbetlite and spheres of natural ilmenite macrocrysts
at 600-1200°C and 0.5-2 GPa. Our experiments test the following mechanisms for
crystallization of titanite over perovskite: (1) shift from perovskite to titanite crystal-
lization during neatly isobaric cooling of kimberlite; (2) increase in silica activity due
to crustal assimilation and formation of titanite; and (3) increase in silica activity trig-
gering crystallization of titanite due to exsolution of volatiles. Our initial experi-
ments produced reaction coronae with Ti-magnetite and perovskite similar to those
on natural samples over a range of conditions (1100-1200°C, 0.5-1.8 GPa and —2.1
to 0.1 DNNO) for few compositions with varying SiO,/CaO ratio. The next set of
experiments is testing the effect of assimilation of crustal material, simulated by
adding granodiorite to kimberlite mixture, on stability of titanite, and the minimum
required amount of assimilation. Understanding the factors leading to titanite crys-
tallization in KPK kimberlite units is a key to understanding the emplacement of
these important diamond-bearing kimberlite facies.

EXPLORING FOR URANIUM DEPOSITS USING NOVEL
GEOCHEMICAL AND ISOTOPIC TECHNIQUES

Mostafa Fayek
University of Manitoba.
E-mail: mostafa.fayek@umanitoba.ca

A critical element is an element that is in high demand with a supply chain at risk of
disruption. Critical elements are essential to the global economy and are associated
with numerous industries (e.g. batteries). On March 11, 2021, the Government of
Canada published its list of critical elements also referred to as critical minerals. Ura-
nium was listed among the list of 31 metals considered integral to the Canadian
economy. The list highlights the areas that Canada should focus its future mining
and exploration efforts upon. Exploration techniques for uranium deposits can be
divided into geophysical or geochemical/mineralogical methods. This presentation
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will provide a review of the geochemical/mineralogical exploration techniques for
uranium deposits and future areas of research for the exploration of this critical ele-
ment. Mineralogical techniques include, petrography, X-ray methods, normative cal-
culations and short-wave infrared (SWIR or PIMA) clay identification techniques.
Changes in clay mineral proportions (e.g illite > kaolinite, tourmaline and chlorite
polytypes) have been linked to uranium mineralization. However, local variations in
clay contents and polytypes can limit the utility of these studies, unless they are cou-
pled with other exploration techniques, such as chemical or isotopic methods. Ura-
nium deposits represent natural concentrations of uranium or uranium minerals.
The formation of uranium deposits may result in a primary, syngenetic chemical
halo that extends up to several kilometres beyond the mineralogical halo. This geo-
chemical pattern may contain specific trace elements related to the formation of the
uranium deposit and complementary changes in secondary or alteration mineralogy.
In some cases, these broad haloes change in character with increasing distance away
from the uranium deposit. In contrast, secondary dispersion typically occurs because
of post-depositional fluid (e.g. groundwaters or meteoric fluids) interaction with the
uranium ore body. These fluids can mobilize elements from depth to the surface.
These elements can concentrate in soils and vegetation, thus creating a surface
anomaly over a deeply buried uranium deposit. The utility of using the fractionation
of traditional light stable isotopes and Pb as tracers of fluid-solid interactions, geot-
hermometers, and mass transport of uranium is well-established, and radiogenic iso-
topes (e.g. U-Pb) are useful chronometers of fluid events. Novel analytical tech-
niques and instrumentation have facilitated the use of non-traditional light isotopes
such as B and Li, and transition-metal (e.g. Fe) and other heavy-metal isotopes (e.g:
U) as tracers of processes associated with uranium deposit formation. Therefore,
isotope tracing is among the emerging exploration techniques for uranium deposits.

ACID NEUTRALIZATION AND METAL(LOID) RELEASE IN OIL SANDS
FROTH TREATMENT TAILINGS

Stuart Ferry, Matthew Lindsay
University of Saskatchewan.
E-mail: stuferry@gmail.com

Acid generation and metal(loid) release is an emerging closure consideration for oil
sands mines in northern Alberta, Canada. Froth treatment tailings (FTT) generated
during bitumen extraction generally exhibit higher sulphide-mineral contents relative
to other tailings streams. Recent studies have shown that pyrite oxidation can pro-
mote pore-water acidification and metal(loid) release within the unsaturated zone of
FTT beach deposits. The corresponding sequence of acid neutralization reactions
and their influence on metal(loid) release has not been studied for FT'T deposits. We
conducted laboratory column experiments to examine acid neutralization reactions
and their influence on metal(loid) mobility within FTT beach samples. These sam-
ples were collected from non-weathered, partially weathered, and highly weathered
areas, which provided an opportunity to examine acid neutralization and metal(loid)
release during weathering, Our experiments also considered non-solvent-washed (i.c.
as received) and solvent-washed splits of each sample to assess impacts of residual
hydrocarbons on these reactions. We continuously pumped 0.05 M H,SO, through
each column and collected samples of the input and effluent for geochemical meas-
urements and analyses. Effluent pH decreased from ~7 to 5.5 over the first 5 pore
volumes for the non-weathered and partially weathered columns. Gradual decreases
in effluent pH to ~4.5 were observed over time, with subsequent rapid pH decreases
to < 3 observed after more than 50 pore volumes in these columns. Effluent pH was
consistently < 2.0 for the highly weathered columns. We attribute these effluent pH
ranges to the dissolution of Ca-bearing carbonate (pH ~6 to 7), Fe-bearing carbon-
ate (pH ~5.5), Al hydroxide (pH ~4.5), and silicate (pH < 3) phases. These interpre-
tations are supported by pH-dependent increases in effluent concentrations of Fe
(<1to>500mg/L), Al (< 0.1 to > 10 mg/L), Si (< 0.1 to > 10 mg/L), and several
additional metal(loid)s (e.g. Mn, Ni, Zn, As) associated with the FTT mineral assem-
blage. Our results offer important new insight into relationships between acid neu-
tralization and metal(loid) release in FT'T deposits that can inform FTT management
and reclamation.
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ANALYSIS OF THE ROLE OF FRACTIONAL CRYSTALLIZATION AND
HYDROTHERMAL ALTERATION IN THE EVOLUTION OF UM NAGGAT
A-TYPE GRANITES, CENTRAL EASTERN DESERT, EGYPT:
IMPLICATIONS FOR RARE METAL MINERALIZATION

Basma Feteha Salem!, Abdel-Kader Moghazi!, David Lentz?2
!Alexandria University, 2University of New Brunswick.
E-mail: basma_feteha@alexn.edu.eg

The late Neoproterozoic Um Naggat Granite is a rare metal-bearing post-collision,
crustal- to mantle-like high-silica A-type granite. It consists of reduced ferroan, per-
aluminous (1-1.2), alkalic syenogranite, alkali feldspar granite, and albite granite
intruded into a suite of metavolcanic-sedimentary and metagabbro-diorite rocks.
The rare metal mineralization is localized within the hypabyssal albite granite, which
occurs as a sheet-like cupola, represented by accessory fluorite, allanite, zircon, and
Nb-rare earth element (REE) oxides. Field observations, textural evidence, and geo-
chemical attributes suggest a comagmatic origin for the three granite types. The low
P, least-evolved syenogranite has high K/Rb (406-878), (La/Yb)y = 7.2-13.6,
(Gd/Yb)y = 2.4-3.7, and Eu/Eu* = 0.30-0.61. Alkali feldspar granite shows more
fractionated IK{/Rb (51-348), with (La/Yb)y = 3.5-3.7, (Gd/Yb)y; = 0.9-1.3, and
Eu/Eu* = 0.14-0.26. Albite granite (comenditic) is characterized by very low K/Rb
(35-17), Zr (433-1226 ppm), high Nb (410-867 ppm), Y (49-260 ppm), Th (50-98
ppm), U (30-70 ppm), and HREEs with flat (La/Yb)y and (Gd/Yb)y < 1. The
robust Zr/Ti fractionation index covaries very strongly with high field strength ele-
ments (HFSE) and high Zr + Nb—Y + Ce in the host albite granite, as well as low
Al/Ga are consistent with transitional to mantle A-type signatures formed through
extensive fractional crystallization from the alkali feldspar granite, which produced a
residual high-silica melt and a late-stage, high-F magmatic volatile phase. Such a
highly evolved melt was parental to the mineralized albite granite, forming within the
apex to the alkali feldspar granite. These geochemical characteristics along with the
continuous variations in most of major and trace elements are consistent with frac-
tional crystallization from a magma derived by partial melting of granulitic lower
crustal and mantle sources. There is evidence for fluid fractionation during the evo-
lution of the albite granite. Limited subsolidus replacement of the K-feldspar by
albite occurred in the alkali feldspar granite, whereas albite laths and Fe-Ti oxides are
well developed in the albite granite. The volatile fluxes in these magmas lowered the
crystallization temperature of the accessory minerals, extending the duration of
quartz and feldspar crystallization, allowing HFSE elements (including REE, Y, U,
Th) to behave incompatibly. Rare-metal enrichment was further promoted by
volatile complexing, i.e. hydroxide and fluoride complexes. The rare-metal-bearing
accessory minerals locally crystallized in the interstices between the major mineral
phases. Extensive magma differentiation led to the exsolution of volatiles entiched
in HFSE elements. Intense fluid—rock interaction occurred in the most advanced
stages of magmatic—hydrothermal evolution, leading to locally extensive pervasive
alteration—mineralization of the albite granite.

INVESTIGATION OF TUNGSTEN RELEASE AND MOBILITY IN
SCHEELITE MINE TAILINGS THROUGH COLUMN EXPERIMENTS

Mark Flesch, Hanika Rizo, Richard Amos
Carleton University.
E-mail: markflesch@cmail.carleton.ca

Scheelite (CaWO,), a mineral with growing demand, is being mined at increasing
rates wotldwide. Its valuable component, the heavy metal tungsten (W), has been
identified as a potential biological and environmental hazard. Despite this, the trans-
port of W from scheelite tailings sources is pootly constrained. Here, we have ana-
lyzed the release of W from scheelite in a laboratory setting, in order to better under-
stand the mechanisms related to its transport through groundwater. Tungsten-rich
tailings samples from the Cantung Mine in the Northwest Territories were used to
study mineral dissolution rates through column experiments in aerobic and anaero-
bic conditions. Additionally, a mix of scheelite and quartz, representing a simplified
system, was also used to study dissolution rates. Leachate samples taken incremen-
tally along the columns over two months were analyzed to determine the sulphate,
ferrous iron, alkalinity, major and trace element concentrations including W. The
geochemical modelling software PHREEQC was used to determine important min-
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eral phases. Preliminary results show that there is indeed a release of tungsten with
little change in pH in both aerobic and anaerobic environments.

CONTRASTING FEATURES OF ALUMINOUS ROCKS: EVIDENCE OF
THE LOW-PRESSURE BELT IN THE CENTRAL GRENVILLE PROVINCE

Arlin Fonseca, Aphrodite Indares
Memorial University of Newfoundland.
E-mail: abfonsecamar@mun.ca

The hinterland of the Grenville orogen is characterized by widespread exposure of
high-grade metamorphic rocks that were exhumed from different structural levels,
providing the basis for a division in belts. In the Central Grenville Province, the
High-Pressure and Mid-Pressure belts record metamorphism under eclogite to high-
pressure granulite-facies conditions, and mid-pressure granulite-facies conditions,
respectively. In addition, a Low-Pressure belt was initially recognized to the south, in
the Escoumins Supracrustal Belt, with greenschist to amphibolite facies rocks. How-
ever, mineral assemblage and textures in aluminous rocks between the Escoumins
Supracrustal Belt and a major shear zone that bounds the well documented portion
of the Mid-Pressure belt suggest low-pressure granulite-facies conditions implying a
wider extension of the Low-Pressure belt. Aluminous rocks are used in this contri-
bution to compate the Mid-Pressure belt (where they have been well documented
and used for P-T determinations) and review the presumed extension of the Low-
Pressure belt. The mineral assemblage of the Mid-Pressure belt is dominated by gar-
net, kyanite/sillimanite, biotite, K-feldspar, plagioclase, and quartz with varied evi-
dence of former melt such as feldspar films in between other minerals, and clusters
of biotite as a product of back-reaction during melt crystallization. Garnet com-
monly contains inclusions with resorbed kyanite/sillimanite, quartz or biotite in a
pool of feldspar, indicative of peritectic garnet growth during biotite dehydration
melting, Cordierite is locally present but is interstitial and interpreted as a product of
melt crystallization at lower pressure than the metamorphic peak. On the other
hand, the mineral assemblages of the presumed granulite-facies portion of the Low-
Pressure belt includes garnet, sillimanite, biotite, cordierite, K-feldspar, plagioclase,
quartz, and orthopyroxene, garnet, biotite, plagioclase, K-feldspar, quartz. Cordierite
and orthopyroxene highlight the differences in the metamorphic evolution between
the rocks of the two belts. Cordierite appears to be part of the peak assemblage, sug-
gesting lower pressure conditions than in the Mid-Pressure belt, and orthopyroxene
only forms at high-temperature stages of the dehydration melting of biotite, at low
to mid-pressure conditions. Additionally, former melt inclusions were not recog-
nized in garnet from the Low-Pressure belt, suggesting that it may have formed by
a different reaction. The high-temperature character of the granulite portion of the
Low-Pressute belt and the presence of large syn-orogenic A-type granitoid plutons
in the same area suggest a locally important high geothermal gradient and a more
complex tectono-magmatic history of the Grenville orogeny.

THE ARCHEAN HAMMOND REEF DEPOSIT: THE FORMATION OF AN
OROGENIC GOLD DEPOSIT IN A CONTRACTIONAL STEP-OVER-ZONE
ALONG A MAJOR STRIKE-SLIP FAULT SYSTEM

Gabrielle Fouillard, Bruno Lafrance, Jeffrey Marsh, Mike Hamilton
Laurentian Univeristy.
E-mail: glouillard@/lanrentian.ca

The Hammond Reef deposit is an orogenic gold system with a measured and indi-
cated resource estimate of 3.3 Moz at an average grade of 0.84 g/t gold. It is located
in the south-central region of the Western Wabigoon Subprovince in northwestern
Ontario. The Hammond Reef is hosted in the Marmion Shear System (MSS) which
is defined by north- to northeast-trending shear zones. The MSS straddles the con-
tact between the ca. 2890.2 = 1 Ma Diversion stock to the west and Mesoarchean
Marmion Batholith to the east. Multiple shear sense indicators, including the deflec-
tion of mylonitic foliation in shear zones, drag folds, and shear bands, suggest that
the MSS is a major sinistral transcurrent shear system. The bulk of gold mineraliza-
tion is located in an east-northeast trending bend along the MSS characterized by
intense sericite and carbonate alteration, syn-tectonic hydrothermal quartz breccias
and shallowly dipping quartz-carbonate veins. This bend represents a contractional
step-over-zone between two regional sinistral transcurrent faults. Compression
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across the bend resulted in more fracturing that localized the migration of
hydrothermal fluids and gold precipitation at ca. 2700 Ma to ca. 2690 Ma.

PREDICTIVE MAPPING FOR BASE AND CRITICAL METAL
EXPLORATION USING MULTIVARIATE STATISTICAL ANALYSES IN
THE NEW QUEBEC OROGEN AND WITHIN ITS RETTY ZONE,
QUEBEC, CANADA

Herbert W. Fournier!, Deanne van Rooyen?, Stefanie M. Brueckner?
ICape Breton University, 2Acadia University, 3University of Manitoba.
E-mail: berbert_fournien@chu.ca

Remote predictive mapping is increasingly used to identify and investigate potential
exploration targets. This project applies principal component (PC) analyses and K-
means clustering algorithms to geochemical data from the New Québec Orogen
(NQO) to investigate spatial distribution of possible exploration vectors, and to link
those exploration vectors to large-scale crustal structures. Software i0GAS-64™ was
used to apply the multivariate techniques to a dataset of geochemical data from
11,260 lake sediment samples obtained from the Systéme d’information géominiére
of Québec. The economically significant metals Ag, As, Au, Bi, Co, Cr, Cu, Fe, Mo,
Pb, Se, Th, U, V, W, and Zn were selected for analysis. The results show that across
the entire NQO four principal components (PC1-PC4) yielded eigenvalues = 1.0
accounting for 58.0% of the variability. PC1 and PC2 comprise the variability
between Se, U, Mo and W, and Cu, Ag, Au, Se, Zn and Cr, respectively. PC3 accounts
for an enhanced separation between As, Zn, Bi, Pb, Fe, Ag, and Mo. PC4 accounts
for positive eigenvectors for Pb and Bi. The association of elements included in PC1
was interpreted as metals transported by sedimentary processes and could potential-
ly be used to highlight areas with hazardous metal elevations (e.g. U, Se). The high
scores of PC2 represents metals derived primarily from bedrock units and correlates
strongly with bedrock geology. A K-means clustering equal to 6 was obtained using
these PCs. The PC2 and K-means results correlated with Ni-Cu-PGE occurrences
reported within the Retty and Hurst zones. A refined PC analysis into the Retty
Zone (RZPC) over a dataset of 1272 samples using the same metals plus Ni and Li
yielded six PCs with eigenvalues = 1.0 accounting for 72.7% of the variability.
RZPC1 comprises the variability between Se, Cu, Ag, W, and Au which might cor-
respond with sedimentary and glacial transport. RZPC2, RZPC3 and RZPC4
account for the variability between Cr, V, Ni, Pb and Bi; Co, Ni and Zn; and As, Pb,
Ag, Ag and Au, respectively, matching previously reported mineralization occur-
rences and potentially highlighting new ones. RZPC5 and RZPC6 comprise the vari-
ability between Zn and Pb, respectively, and might indicate glacial transport and min-
eralization. The results of these analyses show that the methods can pinpoint the
location of known metal occurrences with excellent spatial accuracy, and in several
tested areas accurately outline known geological units. These types of statistical tech-
niques can therefore be used to predict similar occurrences in underexplored areas.

HALOGEN (CI-Br-I) SYSTEMATICS OF METAMORPHIC FLUIDS
THROUGH TIME - A POWERFUL FLUID PROVENANCE TRACER IN
OROGENIC GOLD SYSTEMS

Tobias Fusswinkel, Paula Niinikoski-Fusswinkel, Thomas Wagner
RWTH Aachen University.
E-mail: zobias. fusswinkel@enr.rwth-aachen.de

The heavy halogens (Cl, Br, I) are exceptional tracers of fluid provenance due to
their largely conservative behaviour during fluid-rock interaction processes. While
bromine-chlorine ratios have long since been used as provenance tracers, mounting
evidence suggests that different geological processes such as evaporation and organ-
ic matter interaction result in similar Br/Cl signatures, significantly impacting the
utility of Br/Cl ratios as a source tracer in many crustal environments. Iodine, a
highly biophilic element, provides an additional proxy that makes it possible to dis-
cern between these convergent processes, but it poses significant analytical chal-
lenges due to its low concentrations in hydrothermal systems, and until recently
could only be analysed using bulk analytical techniques, which cannot resolve com-
plex overprinting fluid signatures commonly observed at the sample scale. However,
recent advances in LA-ICP-MS halogen fluid inclusion microanalysis have made it
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possible to measure Cl-Br-I concentrations in individual fluid inclusions, providing
novel opportunities for the study of hydrothermal ore systems with complex pro-
tracted fluid histories. We present a comprehensive triple-halogen Cl-Br-1 fluid
inclusion LA-ICP-MS dataset of Phanerozoic to Archean metamorphic fluids,
including ore-forming fluids of the Neoarchean Pampalo orogenic gold deposit
(Finland). We show that Phanerozoic metamorphic fluids attain distinct and very
systematic halogen signatures within a narrow compositional envelope reflecting
variable degrees of organic matter interaction up to very low Br/I ratios relative to
seawater, and that these signatures are unaffected by fractionation processes even to
high metamorphic grades. The ore-forming fluids of the Pampalo orogenic gold
deposit were also derived from organic matter-rich source rocks, but they possess
vastly different halogen signatures characterized by high Br/I ratios, which are
incompatible with any known halogen fractionating mechanism or fluid source
reservoirs like magmatic fluids or bittern brines. We propose that the low iodine con-
tents in these fluids directly reflect the lack of iodine-metabolizing eukaryotic life in
Archean oceans, which would have prevented biosequestration of iodine into clastic
sediments and limit uptake of iodine into later metamorphic fluids. We show that
the halogen signatures of metamorphic fluids reflect the development of Earth’s
halogen cycles with the proliferation of eukaryotic life, and provide a powerful tool
in discerning metamorphic, magmatic and other fluid sources in orogenic gold sys-
tems.

PHOSPHATIC, MANGANIFEROUS IRONSTONES OF THE RAPID
CREEK FORMATION (NORTHWEST TERRITORIES): A PRELIMINARY
STUDY

Michael Gadd, Nikole Bingham-Koslowski, Duane Petts
Geological Survey of Canada.
E-mail: nikole.bingham-koslowski@nrean-rncan.ge.ca

The Rapid Creek Formation contains substantial accumulations of manganiferous
ironstones and phosphorites - marine sedimentary rocks deposited on continental
margins - that are located in the northern Richardson Mountains of Yukon and
Northwest Territoties. It was deposited in the northernmost portion of the Western
Interior Seaway near the Aptian-Albian boundary (late Eatly Cretaceous), a signifi-
cant period in Earth’s history associated with oceanic anoxic events. Potentially eco-
nomically significant iron, phosphorus and manganese resources have been docu-
mented in the formation; phosphatic ironstones average approximately 33 wt.%
Fe,0;, 14 wt.% P,05 and 5 wt.% MnO. The Rapid Creck Formation is perhaps best
known for its rare phosphate mineralogy, where it is the source of Yukon’s official
gemstone (lazulite) as well as the type locality for several phosphate species. These
minerals are mostly secondary (i.e. post-depositional), typically filling fractures or
forming epitaxially in veins. Otherwise, the Rapid Creek Formation has seen little
new work since the early reconnaissance-scale studies in the 1970s. Manganese is a
critical mineral, and Mn oxides and sedimentary phosphates have a high affinity for
rare earth elements (REE), both of which provide impetus for renewed studies of
the Rapid Creck Formation. Preliminary observations from this study suggest syn-
depositional to eatly diagenetic phosphate precipitation, including nodules and hard-
grounds. Nodules are present in hematitic sandstone and comprise siderite, apatite,
and a Ba-Al-phosphate mineral (gorceixite), with delicate mm-scale blades protrud-
ing into the sandstone. Phosphatic hardgrounds contain crypto-crystalline apatite,
reworked clasts of nodular phosphates, pyrite, and terrigenous clasts. The pyrite is
variably altered to Fe + Mn oxides. Despite the abundance of phosphates and Mn
oxides, bulk REE contents are low (less than or equal to average shale). Moreover,
shale-normalized REE patterns show little deviation from average shale - a some-
what surprising outcome given the mineralogy. Preliminary laser ablation-ICP-MS
mapping reveals a more nuanced distribution of REE among clasts, oxide minerals,
and apatite, where apatite has fairly typical patterns (middle-REE-enriched, negative
Ce anomaly) and clasts and oxides are light-REE- and heavy-REE-enriched, respec-
tively. Future work aims to constrain the geochemical and sedimentological controls
that resulted in the deposition and preservation of the Rapid Creek Formation,
while providing insights on paleoenvironmental conditions conducive to the forma-
tion of these ironstones.

https://doi.otg/10.12789/geocan;.2023.50.200
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MODERN IMAGERY PLATFORMS IN SUPPORT OF INTEGRATED
GLACIER RESEARCH

Henry J.M. Gage, Carolyn H. Eyles
McMaster University.
E-mail: gageh@memaster.ca

Recent improvements to imagery platforms have expanded the breadth and preci-
sion of data for the study of glacial environments. At large spatial scales, remote
sensing offers the opportunity to collect spatially continuous data without intensive
field sampling. Advances in uncrewed aerial vehicle (UAV) technology now enables
low-cost, high-precision imagery collection in challenging field environments. These
approaches can be used to produce and evaluate orthomosaics, digital elevation
models, and multispectral indices which offer a novel perspective on glacial process-
es. However, imagery platforms are infrequently used in tandem with paleoclimatic
data despite the fact that together they offer a holistic perspective. Here, we describe
a multi-method approach which combines remote sensing, UAV, and thermal
imagery with paleoclimatic data to examine the effects of climate change on water
quality and quantity released by tropical glaciers of the Cordillera Blanca, Peru. This
is advantageous because these datasets are complementary and enhance our under-
standing of both past conditions and modern processes. Imagery data is spatially
extensive, with a short but precise temporal extent. Conversely, paleoclimatic data
offers a long, but less precise temporal record that is spatially restricted. Paleoclimat-
ic data can also be used to support ground-truthing of remote sensing imagery,
while imagery platforms can provide insight into the relationship between geochem-
ical proxies and contemporary glacial processes. In the Cordillera Blanca, data from
lacustrine sediment records indicate that recent changes in climatic conditions have
raised sediment input and caused iron enrichment in glacial meltwater. Remote sens-
ing and UAV imagery offer additional process-based insight which reveals that these
changes are driven by an increase in bedrock weathering resulting from glacial
retreat. This integrated approach, utilizing several imagery platforms, can be used to
overcome the limitations of individual datasets in remote field environments to
offer a more complete understanding of glacial processes.

PROTEROZOIC ZIRCON DATES FROM AURIFEROUS ZONES AT THE
ISLAND GOLD DEPOSIT: IMPLICATIONS FOR LATE GOLD
REMOBILIZATION IN THE SUPERIOR PROVINCE

Sophie Gagnon, Chris Yakymchuk, Ivan Edgeworth, Shoufa Lin, Brian
Kendall
University of Watetloo.
E-mail: sw2gagno@umwaterloo.ca

The Island Gold deposit is a high-grade Archean orogenic gold deposit within the
Michipicoten greenstone belt of the Superior Province. Hosted within the ~2750
Ma felsic to intermediate Wawa metavolcanic assemblage, gold mineralization has
been constrained to between ~2680 and 2672 Ma. However, anomalous Proterozoic
ages have been discovered within auriferous alteration zones, suggesting that late
hydrothermal activity may have affected the deposit and potentially re-mobilized
gold. Mineralization is hosted within quartz (+ carbonate) veins, with minimal min-
eralization within the surrounding altered host rock. To investigate the occurrence
and spatial distribution of these anomalous young ages within the deposit, samples
along an alteration gradient (weakly to strongly altered) adjacent to auriferous quartz
+ carbonate veins, and from differing depths within the ore zone were examined.
U-Pb LA-ICP-MS analyses of zircon from strongly altered auriferous zones yielded
Archean protolith dates as well as Mesoproterozoic and early Paleozoic to late Meso-
zoic age groupings. Compared to Archean zircons in the host metavolcanic rocks,
the younger zircons have generally higher concentrations of heavy rare carth ele-
ments and moderate enrichment in Y, Ta, and Th. We interpret the Mesoproterozoic
ages to represent fluid-rock interaction associated with the Grenville orogen or the
Mid-Continent Rift, whereas the Paleozoic to Mesozoic grouping may be related to
alkalic/kimberlitic activity within the area. It is unclear if these fluids had composi-
tions amenable for large-scale gold mobilization, but they may have played a role in
locally distributing gold throughout the Island Gold deposit. An increasing number
of reported Proterozoic dates from accessory minerals in Archean gold deposits
suggests that post-Archean processes are a potential complication for understanding
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the distribution of gold and has regional implications for gold exploration in the
Superior Province.

CRUSTAL SCALE MODELLING OF GRAVITY DATA USED TO IDENTIFY
RIFTING/SEAFLOOR SPREADING IN MODERN AND ANCIENT
SEAFLOOR SETTINGS

Christopher Galley!, Alan Baxter!, Michael King?, Erin Bethell!,
Mark Hannington!, Peter Lelievre3
University of Ottawa, 2Memorial University of Newfoundland,
3Mount Allison University.
E-mail: gohrist2@nottawa.ca

Towards the end of the Archean the Earth’s crust had sufficiently cooled to begin a
transition period into the formation of tectonic plates. Convective forces from rising
mantle plumes or early forms of plate subduction caused these ancient tectonic
plates to undergo crustal spreading and/or rifting, where extensional forces created
linear zones of crustal growth much like modern seafloor spreading centers. These
spreading centers can be identifiable in the ancient rock record by the relic crustal
thinning caused by their extension and subsequent mantle upwelling, represented by
ridge-like features in the boundary between the crust and the lithospheric mantle, i.e.
the Moho. It is at these areas of extension and spreading, on the paleoseafloor,
where volcanogenic massive sulphide (VMS) deposits formed. Gravity data collected
over such settings can be modelled to produce a 3D density Earth model, from
which an elevation map of the Moho can be derived, and from this a crustal thick-
ness map. However, due to the billions of years of deformation Archean crust has
undergone, interpreting crustal thickness maps can be challenging, To combat this,
we have chosen the Abitibi greenstone belt as our area of study for this project as it
contains some of the best-preserved Archean greenstone belts in the world. Yet,
however well-preserved the Abitibi is, a control model is still needed, where mapped
spreading centers and other crustal structures can be compared against a crustal
thickness model. For this, we used the Lau Basin, an actively forming back-arc basin
north of New Zealand, as it is at present the best mapped back-arc basin in the
world. With the Lau Basin crustal thickness model, we could verify that active and
relic rifting and/or seafloor spreading could be seen in the topography of the Moho,
allowing us to identify these features in the Abitibi. We propose that knowing the
geometry and spatial density of relic spreading centers and/or rifts in Archean
greenstone terrains can be used to indicate metal endowment as they can correlate
to the occurrence of VMS deposits.

FINAL DRAINAGE OF GLACIAL LAKE AGASSIZ-OJIBWAY:
A CLOSER LOOK

Cunhai Gao
Ontario Geological Survey.
E-mail: george.gao@ontario.ca

The final, sudden drainage of Lake Agassiz-Ojibway into Hudson Bay is often
thought to have freshened the ocean, causing cooling at 8.2 ka as recorded in the
Greenland ice core. In the Sandy Lake area in the former Lake Agassiz basin, north-
western Ontario, basal wood samples in surface peat indicated the abandonment of
the Ponton beach shortly before 8.1 cal ka. If the time for vegetation colonization
is considered, the true age is estimated around 8.15 cal ka. This beach has been sug-
gested to represent the shoreline prior to the final drainage of the lake but has never
been directly dated before. The dating result was consistent with the age recently
estimated for the drainage event (8.16 cal ka). However, in the Tyrrell Sea/Lake
Ojibway basin in the James Bay Lowland, northeastern Ontario, fieldwork at the
large open pit of the Victor diamond mine suggested a complicated picture. Logging
and sampling along the open pit wall and on the nearby drill cores did not indicate
the presence of Lake Ojibway sediments below the Tyrrell Sea deposirts, suggesting
that the ice margin at that time was located further to the south. Radiocarbon dating
results on basal marine shells at 8.0 and 8.1 1C ka from the open pit and a nearby
drill core were in good agreement with previous dating work across the lowland, sug-
gesting simultaneous matine incursion in this region. Previous calibration of radio-
carbon dates on marine fossils is based on marine reservoir effects (AR) derived
from modern marine samples and, as a result, the calibrated ages tend to be too old
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because of larger #C depletion in the ocean in the glacial period. In the current
study, a specific AR at 630 + 76 years derived from paired wood and marine bivalve
samples from this site was used in calibration. The calibrated ages on the basal
marine shells were at 7.5-7.9 cal ka and 7.5-8.0 cal ka each with a median at 7.7 cal
ka, younger than the 8.2 ka cooling event.

REGINAL TILL SAMPLING FOR CRITICAL MINERALS: A CASE STUDY
IN ONTARIO’S RING OF FIRE AREA

Cunhai Gao, Dave Crabtree
Ontatio Geological Survey.
E-mail: george.gao@ontario.ca

Regional till sampling has been undertaken in Ontario for more than 4 decades.
Modern alluvium or stream sediment was also sampled in the field concurrently as
separated projects. Despite the frequent, irregular sample grids due to the terrain
conditions, a thick cover of vegetation and the lack of road access, many of these
sampling projects successfully detected the glacial dispersal plumes of the mineral
deposits including gold, kimberlites, carbonatite, and chromite. Till and stream sed-
iment were sampled in Ontario’s Ring of Fire area on the margin of Hudson Bay
Lowlands where multiple till units occur. The results show significantly anomalous
detrital chromite grains (2.0-0.125 mm) in an area along the Attawapiskat River
about 40 km south of the known mineralization near Esker Camp. Many sand-size
chromitite clasts (2.0-0.5 mm) and a pebble-size boulder were also found in the sam-
ples. Microprobe analysis indicates that the chromite grains differ geochemically
from those derived from the known mineralization. Stratigraphically, these grains
came mostly from the middle and lower till units both of which have an ice flow
direction to the southwest. Based on the geochemical fingerprints and ice flow direc-
tions, these chromite grains likely came from an unknown source located some-
where in the area to the northeast of Highbank Lake.

SURFICIAL SAMPLING IN ONTARIO: PAST, PRESENT, AND FUTURE

Cunhai Gao, Grant Hagedorn, Dave Crabtree, Andrea Marich
Ontario Geological Survey.
E-mail: george.gao@ontario.ca

Over the past 40 years, the Ontario Geological Survey has completed many surficial
sampling projects to assist mineral exploration efforts. Even with limited access due
to terrain condition, thick vegetation cover, and sparse road networks, many of these
projects successfully detected the dispersal features of the mineral deposits. Notable
examples are till sampling in the Rainy River area for gold, modern alluvium or
stream sediment sampling in the James Bay Lowland for kimberlites, till sampling for
carbonatite intrusions in the Chapleau area, and till and stream sediment sampling
in the Ring of Fire area for chromite deposits. Current till sampling is being under-
taken for Ontario’s Far North terrain mapping project, e.g. sporadic till sampling in
the Pickle Lake and Sandy Lake areas, and for the surficial mapping project along the
Highway 17 corridor between Sudbury and Mattawa. Furthermore, in response to
the demands for critical minerals, a project to map and sample the area south of
Lake Nipigon with known pegmatites, e.g. Georgia Lake Pegmatite Field, has been
approved. Additionally, a multi-year project is currently underway to analyze the
large number of archived fine fraction (< 0.25 mm) non-magnetic heavy mineral
concentrate (HMC) samples for modal mineralogy using SEM energy dispersive X-
ray spectroscopy. These legacy samples have good potential for identifying possible
critical mineral indicator minerals not previously identified in the coarse fraction
(0.25-2 mm) non-magnetic HMC.

PHLOGOPITE DEFORMATION FEATURES IN KIMBERLITES. ARE
THEY ALWAYS A RELIABLE INDICATION OF A XENOCRYSTIC ORIGIN
FOR PHLOGOPITE AT MANTLE DEPTHS?

Song Gaol, Roberta L. Flemming!, Anton R. Chakhmouradian?
Western University, 2University of Manitoba.
E-mail: sga0289@mwo.ca

Phlogopite in kimberlites often displays evidence of ductile deformation in the form
of kink-banding and undulatory extinction ascribed to strain in the lithospheric
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mantle. Such deformation textures have been used as convincing evidence for rec-
ognizing phlogopite xenocrysts derived from the disaggregation of metasomatized
mantle wall rocks. In this work, the degree of plastic deformation in micas from the
Drybones Bay and Mud Lake kimberlites was quantified by measurement of streak-
ing along the Debye ring in 2D X-ray diffraction images as sum of full width at half
maximum (XFWHM,). Four distinct types of mica were identified based on their
textural characteristics, chemical composition, and strain measurements. The first
variety (type 1) is observed as discrete crystals and crystal fragments occasionally
containing apatite inclusions. These crystals correspond to biotite, enriched in FeO
(Fe#t = 56 * 3) and TiO, (1.84 * 0.49 wt.%), but depleted in Cr,O; and BaO (<
0.10 and 0.36 wt.%, respectively). Strain measurements show that they experienced
a low to moderate degree of strain-related mosaicity (SRM; EFWHM, = 5.33 £
3.91°). Biotite embedded in granitoid nodules (type 2) shows lower concentrations
of TeO (Fe# = 49 * 3) and attenuated SRM (XFWHM, = 2.52 * 1.32°), but com-
parable levels of TiO, (1.84 £ 0.26 wt.%), Cr,0; (< 0.10 wt.%) and BaO (< 0.34
wt.%) relative to type 1 biotite. Euhedral-subhedral, unzoned phlogopite macro-
crysts and microcrysts (type 3) contain low TiO, (0.20-1.24 wt.%), Cr,O; (< 0.62
wt.%) and BaO (< 0.30 wt.%) contents, accompanied by a wide range of Mg# (83—
93) and SRM (XFWHM, = 0.76-25.52°, 6.66 * 4.31°) measurements. Rounded, par-
tially embayed type 4 phlogopites with hematite lamellae are characterized by some-
what higher TiO, (0.14-1.89 wt.%) and Cr,0; (< 0.67 wt.%), but lower SRM
(EFWHM, = 0.98-6.06°, 2.98 + 1.51°) and similar Mg# (83-94) with respect to the
type 3 phlogopites. Notably, most examined mica grains show deformation features,
whereas the type 3 phlogopite stands out in showing a multimodal distribution of
2FWHM, values. One feasible explanation is that at least some of the phlogopite
microcryst population are cognate phenocrysts and the SRM in these grains is con-
strained to occur at much shallower depths (i.e. at crustal levels) during kimberlite
magma ascent and emplacement. Moreover, the consistently low degree of SRM in
type 2 biotite suggests that external stresses caused by the grain tumbling and abra-
sion during turbulent kimberlite magma flow have a negligible effect on this type of
mica. The observed strain features in these minerals, instead, may be inherited from
their Archean Defeat plutonic host.

POSTGLACIAL TO INTERGLACIAL MIS 7 SEDIMENTS NEAR GILLAM,
MANITOBA, CANADA

Michelle Gauthier!, Tyler Hodder!, April Dalton2, Olav Lian3,

Sarah Finkelstein4, Minna Viliranta5, Martin Ross6, Maria Schaarschmidt?
Manitoba Geological Survey, 2Memorial University of Newfoundland,
SUniversity of the Fraser Valley, *University of Toronto, University of Helsinki,
¢University of Watetloo.

E-mail: wichelle.trommelen@gmail.com

It has long been thought that Quaternary sediments at the surface belong to the
Holocene and the youngest glaciation, and that preservation of older sediments
deposited during previous glacial and interglacial periods is rare in north-central
Canada. In contrast to this, a gravel pit, at the edge of the western Hudson Bay Low-
land near the geographic centre of the North American Ice Sheet Complex, exposes
near-surface (< 3 m depth) glacial and non-glacial sediment that predates the last
glaciation. At the base of the exposure, glaciofluvial gravel (> 7.5 m thick) is overlain
by faulted sands and gravelly sands (~2.0 m thick), with paleocurrents towards Hud-
son Bay. The sands yielded an optical age of 214 19 ka (1o error; minimum age
model), corresponding to the interglacial Marine Isotope Stage (MIS) 7. A 45 m
thick unit of laminated silt, deposited within a low-energy floodplain or pond, over-
lies the sands. Pollen and macrofossil taxa from these silts indicate deposition within
a period similar to, or slightly warmer than, present day with slightly higher precipi-
tation. The nonglacial silts are capped by a blocky and dense brown till (3.0 m thick)
and glaciolacustrine silt and clay (~1.5 m thick). This site highlights the need to pro-
vide absolute ages for Quaternary sediments, given that the uppermost subtill
nonglacial sediments in the stratigraphic record were deposited during MIS 7. No
depositional record of the MIS 5 interglacial period was found here. Identification
of similar ‘old’ patches preserved in the depositional record, together with till
stratigraphy and composition, is essential to unravel large ice-sheet dynamics in
response to climatic changes.
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VOLCANIC EVOLUTION AND BASE METAL ENDOWMENT OF THE
SWAYZE AREA, ABITIBI GREENSTONE BELT

Thomas Gemmell
Ontario Geological Survey.
E-mail: thomas.gemmell@gmail.com

The Swayze area of the western Abitibi greenstone belt contains most of the
chronostratigraphic metavolcanic episodes present in the metal-endowed eastern
Abitibi greenstone belt; however, few base metal ore deposits have been discovered.
New mapping, lithogeochemical, and geochronological data, in conjunction with
Metal Earth geophysical surveys, have resulted in a new interpretation of the crustal
architecture for the Swayze area. Although the Swayze area contains some of the
oldest and youngest Abitibi greenstone belt volcanic episodes, significant differences
occur between the two areas such as: (1) the absence of Tisdale episode volcanic
rocks (2710-2704 Ma); (2) the abundance of Pacaud (2750-2735 Ma) and Blake
River (2704-2695 Ma) volcanic rocks, with the latter lacking volcanic centres con-
taining subvolcanic plutons; (3) the absence of extrusive ultramafic rocks in volcanic
episodes except for the Blake River episode; (4) the anomalously thick (up to 200 m)
and extensive (up to 20 km) intra-volcanic episode iron formations which contain
the known base metal mineralization, and (5) the significant inherited zircons com-
pated to volcanic rocks of the eastern Abitibi greenstone belt. Compared to the east-
ern Abitibi greenstone belt, these differences suggest that the Swayze area may have
a less juvenile crust, a volcanic evolution with fewer mantle plumes, fewer volcanic
episodes that lacked the development of localized magmatic/hydrothermal centres,
and long volcanic hiatuses during which iron formations containing the known base
metal prospects formed (e.g. Shunsby and Jefferson). Such features, collectively, are
less favourable for volcanogenic massive sulphide deposit formation.

MISTASSINI-OTISH IMPACT STRUCTURE IV: SIGNIFICANCE OF THE
SHOCK METAMORPHISM OBSERVED OVER 450 Km IN DETRITAL
SEDIMENTS DEPOSITED PRIOR TO 2.17 Ga IN THE STRUCTURAL
TROUGHS DEVELOPED WITHIN THE GRENVILLE FORELAND ZONE

Serge Genest, Francine Robert
Astroblemes Québec Inc.
E-mail: astroblemesquebec@gmarl.com

Impact formations have been found in the Mistassini basin, bridging the Chibouga-
mau Formation and the Otish Group for which shock metamorphism features had
been previously observed. These impactites are preserved within structural troughs
pertaining to a multi-ring impact basin: the Mistassini-Otish impact structure
(MOIS). The event is tentatively dated at 2.17 Ga, i.c. the age of the Otish gabbro
which is interpreted as a ‘mare basalt” which ground-hugged and capped the ejected
materials. The transient crater diameter has been estimated to be 508 km and the
final crater in the order of 1150 km, thus being the largest impact structure ever
reported for the Earth. The shock stages and pressures determined are respectively
F-S5 and > 35 GPa for the Chibougamau mining camp, F-S6 and > 60 GPa for the
Mistassini basin, and SR-S4 or SE-S4 and > 5.5 GPa for the Otish basin. It is impor-
tant to note that carbonate rocks are not considered in this classification. Neverthe-
less, the huge carbonate melt sheet that filled the Mistassini trough is obviously the
most striking feature. The targeted terrain was likely a thick carbonate platform in
development on a continental margin where stromatolites were flourishing, The tim-
ing of the MOIS event nearly coincided with some major changes in the atmosphere
and Earth’s interiot, such as the Great Oxygenation Event ca. 2.3-2.1 Ga, the seem-
ingly coeval Lomagundi Carbon Isotope Excursion, the huge magmatic event
observed ca. 2.2 Ga in the Canadian Shield which involved mixing of crustal and
mantle rock units, the ore genesis of the Chibougamau mining camp inferred to a
major regional event ca. 2.2 Ga, amongst others. The most interesting input is prob-
ably the availability of reduced phosphorus to living organisms through the arrival
of airborne glassy P-rich spherules. Given the energy developed by the event, the
Mistassini spherule layer was deposited worldwide, thus providing reduced phos-
phorus everywhere on the Earth’s surface. Finally, the thickness of the impact
magma developed by the MOIS event could have reached > 23 km according to
impact modeling, an information that should be taken into account when dealing
with the emplacement of anorthosite massifs that occur in the Lac Saint-Jean area.
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MISTASSINI-OTISH IMPACT STRUCTURE lil: FIRST REPORT OF A
HUGE DOLOMITIC MELT SHEET AS THE UPPERMOST UNITS OF THE
ALBANEL FORMATION, MISTASSINI GROUP

Serge Genest, Francine Robert
Astroblémes Québec Inc.
E-mail: astroblemesquebec@gmail.com

Regional surveys done in 2015, 2016, and 2017 in the study area revealed the exis-
tence of two strongly different dolomite types. The first one, observed in the south-
ern third of the basin, is obviously of sedimentary origin. It displays intense fractur-
ing usually filled with pyrobitumen, anthraxolite, and a very hard carbon allotrope
(lonsdaleite?). The second one characterizes the two northern thirds of the basin
and is totally different in its habit. It is made of very thick beds of aphanitic
dolomite showing vertical jointing and neatly devoid of horizontal ones. Locally, the
vertical fracture sets define columnar jointing when the dolomite outcrops in cliffs
as can be seen at Lake Cleary. Weathering favoured these fractures sets in the
dolomite units, therefore enhancing the vertical fracturing pattern. One observation
argues against their tectonic origin, i.e undisturbed black cherty nodules seen bridg-
ing over weathered open fractures in thick dolomite bed. The most enigmatic fea-
tures are probably the scarcity of bedding joints, the exceptional thickness of the
beds (up to 6 m), and the banded appearance of some beds which, like some iron
formations, exhibit alternating greyish and blackish hues without any textural
changes. These observations are not coherent features for a basin involving such a
chemical sedimentation. The most significant observation is probably a 465 m thick
finely crystallized grey dolomite sequence without any jointing or bedding which has
been described in a drill hole. Moreover, the only siliciclastic materials observed
within that thick unit are rounded quartz grains averaging 1 mm in size, now recog-
nized as immiscibility globules. As observed from HCI insoluble residues, some
globules bear undetermined black inclusions likely incorporated while crystallizing,
Given the density differential, their buoyancy could explain the distribution of the
siliceous globules which can be scarce but homogeneously distributed in the mass,
and evenly closer and nearly stratified at different levels throughout the carbonate
sequences. The first case is a characteristic feature of many outcrops seen along the
road 167, and for which well developed decimetre-scale hackle marks are commonly
observed. It is noticeable that those finely crystallized dolomites bearing immiscible
siliceous globules react as porcelain when broken and emit a phonolite-like ringing
sound when struck with a hammer.

AUTOMATION OF IDENTIFICATION OF INDICATOR MINERALS USING
p-XRF

Léa Géring, Antoine Nadeau, Georges Beaudoin, Carl Guilmette
Laval University.
E-mail: leger8@ulaval.ca

This project aims at developing an automated method for identifying, counting, and
characterizing indicator minerals (IMs) of the heavy mineral concentrate (HMC)
from overburden sediments based on u-XRF intensity maps. Polycaprolactone grain
mount provides homogeneous composition of non-detectable elements (H, O, and
C) and it allows grain top levelling, Grain levelling is necessary to prevent smaller
grains being hidden by bigger grains, and because the X-ray source is not orthogonal
to the stage. Polycaprolactone has a characteristic X-ray spectrum that yields impor-
tant bremsstrahlung. The XRF signal at grain edges consists of a mixture between
grain fluorescence and mount diffusion. The topography and variable grain size
influence the absolute intensity of the characteristic peaks of the X-ray spectra. We
develop a data processing workflow using u-XRF raw count maps as input. First, it
identifies grains based on thresholds using the sum of elements counts and the total
counts in the bremsstrahlung region. Then, a binary image (grain/mount) is
processed using Pylmage] to dissociate grains and determine a region of interest
(ROIs) at each grain centre. ROIs data is used in a decision tree that aims at identi-
fying the mineralogy. The first layer of the decision tree classifies into mineral
groups such as silicates, sulphides, phosphates, or oxides, based on count thresholds
for Si, S, P. The following layers use the threshold for other element counts or count
ratios. Once the mineralogy of each grain is determined, composition measurement
can be performed using the appropriate calibrated method. Since pu-XRF is semi-
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quantitative, calibration curves are needed for each mineral. Calibration is achieved
using Electron Probe Micro-Analyzer (EPMA) measurements on standard grains. A
calibration example shows that chromium and iron are accurately measured, whereas
calcium and magnesium are, respectively, under and over-estimated in Cr-diopside.
Future calibration work will focus on characteristics that indicate mineralization,
such as chromium and calcium to accurately determine pyrope G10 subtype.

VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS: THROUGH METAL
EARTH’S EYES

Harold Gibson!, Taus Jorgensen!, Keaton Strongman!, Marina Schofield!,
Thomas Gemmell?, Bruno Lafrance!
Laurentian University, 2Ontario Geological Survey.
E-mail: hgibson(@/anrentian.ca

The genetic model for volcanogenic massive sulphide (VMS) deposits is one of the
best understood ore deposit models. This achievement reflects decades of deposit-
scale research on ancient VMS deposits and on modern seafloor massive sulphide
analogs. However, several key factors of the larger-scale, metallogenic processes in
VMS formation remain enigmatic. For example, the processes responsible for local-
izing VMS deposits, their metal tenor and gold content, role of metalliferous mag-
matic fluids, and the absence or differential VMS endowment of seemingly equally
permissible volcanic successions remain uncertain. The long-standing question as to
why some greenstone belts contain VMS deposits whereas other belts do not is now
expanded to what processes control the differential VMS endowment of greenstone
belts, and, from an exploration perspective, how to predict VMS endowment. This
presentation explotes the problems of differential VMS endowment through a new
understanding of the crustal architecture and the magmatic/tectonic evolution of
Archean greenstone belts and VMS districts from a Metal Earth perspective. We
examine the results of Metal Earth’s crustal-scale geological, geochemical, isotopic,
and geophysical (seismic, magnetotellurics, gravity) surveys. We show how crustal-
scale features related to the architecture of greenstone belts (e.g. the presence or
absence of Mesoarchean crust) have resulted in differences in the metallogenic
processes (e.g. gold tenor) of VMS endowed and lesser endowed belts. Lastly, we
discuss the features and processes responsible for differential metal endowment
within the wotld class Rouyn—Noranda district.

EXPLORING SEAFLOOR MASSIVE SULPHIDE DEPOSITS ALONG THE
CENTRAL AND SOUTHEASTERN INDIAN RIDGE:
THE INDEX PROGRAM

Harold Gibson!, Thomas Kuhn2, Sebastian Fuchs?,

Ulrich Schwarz-Schampera3, Michelle DeWolfe4, Thomas Gemmell5,
Keaton Strongman!, Margaret Stewart!, Marina Schofield!,
Vanessa FreisenS, Ralf Freitag?

Laurentian University,
2Federal Institute for Geosciences and Natural Resources (BGR),
SInternational Seabed Authority, *Mount Royal University,
5Ontario Geological Survey, ¢Luossavaara-Kiirunavaara Aktiebolag.
E-mail: hgibson(@/anrentian.ca

To ensure a constant and stable supply of metals, the Federal Institute for Geo-
sciences and Natural Resources (BGR) recognized the potential of marine mineral
resources and was granted two licenses for the exploration of polymetallic man-
ganese nodules in the Central Pacific in 2006, and for the exploration of seafloor
massive sulphides (SMS) in 2015 along the mid-ocean ridge system in the Indian
Ocean by the International Seabed Authority (ISA). The SMS license consists of 100
blocks, each 10 X 10 km totaling 10,000 km?. The blocks are organized in 12 clusters
along a 500 km-long segment of the Central (CIR) and 500 km along the Southeast-
ern (SEIR) Indian Mid-Ocean ridge. The BGR developed what is now their ongoing
INDEX program to explore for SMS deposits along the CIR and SEIR, with the
first expedition in 2011 to support their application to the ISA. INDEX is an inte-
grated geological mapping, chemical (plume) and geophysical exploration program
with supporting biological and environment studies. Prior to the INDEX program,
only 4 SMS sites (hydrothermal fields) were known on the CIR; JX, Sonne, Kairei,
and Edmond. The INDEX program has had substantial success. As of 2022,
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INDEX has significantly increased the size of the Kairei and Edmond-Gauss-Score
hydrothermal fields and discovered 10 new fields (2 on the CIR; 8 on the SEIR). The
hydrothermal fields range in size and consist of high-and lower-temperature active
and inactive sites; sulphide mounds have several distinct morphologies. The majority
occur in tectonically active environments 6-17 km from the ridge axis where the
SMS deposits formed on older, faulted, and uplifted Mn-crusted lavas and or talus
deposits comprised of pillow and basalt talus. Three examples (Kaimana, JIM,
Sooraj) are hosted by exhumed deeper oceanic lithosphere and formed on talus
comprising variably serpentinized gabbro and pyroxenite. Penumbra, one of the
largest SMS hydrothermal fields discovered to date by INDEX, covers 720,000 m?Z,
has a “strike length” of 1.7 km, and formed on an off-axial volcanic plateau com-
prised of older Mn-crusted sheet flows located 14 km from the ridge axis. Off-ridge,
tectonically active and volcanically inactive environments are the most favourable for
the formation of SMS deposits. To date only two small SMS deposits (Sonne and
Pelagia ) have been discovered in magmatic environments, both on young pillow vol-
canoes within 2 km of the ridge. This presentation will discuss these observations
and their implications for ancient VMS ore systems.

ANOMALY THRESHOLD IN DETRITAL DISPERSION: FROM
STATISTICS TO STOCHASTIC!

Rejean Girard
10S Services Géoscientifiques Inc.
E-mail: rejeang(@iosgeo.com

The general practice in exploration geochemistry is to look for samples that are
enriched in metals or minerals of interest compared to other samples from the sut-
vey. Whatever method is used to select the above threshold, the concept leads to the
intrinsic presence of anomalous samples in any survey, which is not necessarily the
case. This method is thus spurious and plagued with false anomalies. The abundance
of mineral grains such as native gold or pyrope in a sample is a discrete number per
unit of mass. Because grains are randomly distributed in the sample, the presence of
a grain in an aliquot is independent of the presence of the next grain. Grain abun-
dance hence follows a Poisson distribution, and duplicate samples are not expected
to necessarily have the same number of grains. The grain count probability can thus
be computed, and elevated counts are possible from any regional signal, although
with low probability. Since samples from a survey are deemed independent, their
grain abundances are dictated by their own Poisson distribution. A summation of
Poisson distributions, such as the grain abundance in a set of samples, follows an
Etlang distribution with k degrees of freedom, an indication of the homogeneity of
the system. Modelling the results from various surveys confirms that regional pop-
ulations do follow such distribution, requiring low (2—4) degrees of freedom. The
correlation coefficient between measured and predicted abundances is typically in
excess of 99%. However, in many surveys, high count samples are discrepant com-
pated to the predicted Erlang distribution, suggestive of the contribution of a small
anomalous population with an elevated degree of freedom. Both the regional and
anomalous signal can be characterized, and the probability of a contribution from
the anomalous population can be computed. Anomaly threshold can then be set to
the count where the probability of such count belonging to the anomalous popula-
tion exceeds probability of belonging to regional population, based on the tolerance
of the exploration geologist. Aside from minimizing the false anomalies, the benefit
of this threshold determination method is the capability to detect anomalous isolat-
ed samples, without the necessity of being contiguous to another one, hence reduc-
ing the required sampling density. Dozens of surveys were successfully modelled
and examples will be presented.

INTEGRATING WHOLE-ROCK GEOCHEMISTRY, ISOTOPIC MAPPING
AND PHASE EQUILIBRIA: IMPLICATIONS FOR ARCHITECTURAL
CONTROLS ON MINERAL SYSTEMS IN WAWA

Kristine Glomsaas Nymoen!, David R. Mole2, Douglas K. Tinkham!,
Phil C. Thurstonl, Richard A. Stern3
Laurentian University, 2Geoscience Australia, 3University of Alberta.
E-mail: &nymoen@lanrentian.ca

The Superior Craton hosts numerous world-class ore deposits, particularly in the
Abitibi—Wawa terrane, and are often clustered spatially and temporally into ‘camps’.
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Controls on formation of these clusters, crustal architecture and geodynamic
processes leading to mineralization are yet to be fully resolved. Previous studies used
combined U-Pb geochronology, radiogenic (Sm—Nd, Lu—Hf) and stable (180/160,
8180) isotopes to map spatiotemporal evolution of crustal architecture (e.g. the Yil-
garn Craton and Abitibi Subprovince). Our study applies this technique to the less
studied eastern Wawa Subprovince, looking to further develop the methodology by
integrating whole rock geochemistry to allow mapping of crustal petrogenetic vari-
ations. We integrate multiple analytical datasets from tonalite—trondhjemite—gran-
odiorite (TTG) and felsic volcanic rocks with phase equilibrium modelling to under-
stand crustal architecture, including (1) zircon trace element, O- and Hf-isotope
compositions to identify involvement of low/high temperature processes and juve-
nile/ancient crustal input to magmas, (2) whole rock geochemistry, including Sr/Y
ratio, to investigate source characteristics and relative source depth, and (3) whole
rock Nb content and phase equilibrium modelling of Kapuskasing Structural Zone
(KSZ) mafic rocks to establish the depth of source zone melting for Wawa TTG and
felsic volcanic rock production. Combining these approaches, we find evidence for
a geochemical and isotopic transition around 2695 Ma. Whole rock geochemistry
indicates pre-2695 Ma rocks dominated by sodic (K,0/Na,O < 0.7) magma, and
zircon isotopes show mantle-like 880 values (4.7-5.9%0) with juvenile eHf values
(+2.2 to +5.6). Post-2695 Ma, potassic (K,0/Na,O > 0.7) rocks are more abundant,
showing overall heavier 3130 isotopes (5.9-7.4%0) and less juvenile eHf values.
Whole rock phase equilibrium analysis of Wawa mafic rocks indicates a garnet sta-
bility field > 7-8 kbar, suggesting that Wawa TTG source rocks dominated by high
St/Y were melted predominantly at a crustal depth equivalent to at least ~26-30 km.
The felsic volcanic rocks are dominantly sourced from a shallower crustal depth (low
St/Y) than the TTGs (high St/Y). This temporal transition is coupled with a spatial
change, with the high Sr/Y crust (deep source) trending N-S at >2695 Ma, com-
pared to E-W at < 2695 Ma. Our results demonstrate spatial and temporal variabil-
ity in source chatacteristics, source depth and hence, crustal architecture across the
Wawa Subprovince, features likely to have a significant effect on formation and
localization of mineral systems. VMS more likely form in a more primitive (sodic,
mantle-like 880 and eHf) and possibly thinner crustal regime. Less primitive crust
(potassic, heavy 3130 and eHf) may reflect a metasomatized component, potentially
important for gold mineralization.

UNDERGROUND HYDROGEN STORAGE - AN ECONOMIC OPTION
FOR FUTURE HYDROGEN INFRASTRUCTURE

Nirmal Gnanapragasam!, Rob Carsonl, Stacey Reinwald!, Alexi Shkarupin!,
Emily Saurette!, Daniel Beaton!, Hui Qun Chen!, Elizabeth Priebe!,
Frank Brunton?

ICanadian Nuclear Laboratories, 2Ontario Geological Survey.

E-mail: nirmal.gnanapragasam@cnl.ca

Hydrogen is an energy carrier and therefore has potential to be used as a fuel and as
an ingredient in fuels, chemicals, and other industrial products. Hydrogen is identi-
fied as a positive means to decarbonize the energy system in Canada through a
national strategy. Production and storage of hydrogen are two important and capi-
tal-intensive processes that will form a key part of the future hydrogen supply infra-
structure in Canada and North America. Hydrogen production from water at medi-
um-scale (8 tonnes/day) is being demonstrated in Canada. Canadian Nuclear Labo-
ratories” hydrogen storage technology assessment demonstrates that low-cost large-
scale hydrogen storage is possible with underground hydrogen storage (UHS) in
suitable geological rock units. This is especially relevant, when hydrogen is either
produced using renewable electricity from wind turbines and solar panels or by using
excess electricity from any electrical grid. Hydrogen can be produced in large quan-
tities as the wind blows, as the sun shines, and as the excess capacity in the grid is
available. Storing it in underground salt caverns would allow for seasonal storage of
hydrogen using low-cost electricity. Collaboration is underway with the Ontario
Geological Survey and Geological Survey of Canada (NRCan) to study potentially
favourable salt deposits in Ontario and nationally. Storing large quantities of hydro-
gen made from water at low-cost would enable massive deployment of hydrogen
production capacities in Canada. This would bring economy of scale to the hydro-
gen market price and the commodities made using this hydrogen. Parameters and
design constraints for hydrogen storage in various geological rock units are dis-
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cussed. Canadian capabilities and roles in the UHS research will be highlighted.
Challenges and significance of UHS technology components are discussed for fur-
ther attention from geologists and engineers.

3D MICROSCALE CHARACTERIZATION OF MAGMATIC MAFIC-
ULTRAMAFIC ORE DEPOSITS: PAST, PRESENT, AND FUTURE

Belinda Godel, Xiao Chen
CSIRO Mineral Resources ARRC.
E-mail: belinda.godel@esiro.an

Critical metals (Ni, Cu, Co, PGE, Ct, Ti, and V) are key to sustain the global energy
transition to net zero emissions. These metals are typically mined from deposits
associated with magmatic-ultramafic mineral systems. Orebody knowledge and ore
characterization in particular are key to understanding the fundamental processes
that led to metal accumulation to form an economic deposit, but also to inform
downstream processing necessary to extract these critical minerals from the gangue.
Over the past decade, non-destructive use of high-resolution X-ray computed
tomography combined with 3D image analysis and quantification (referred to as 3D
characterization) has become a method of choice to understand the 3D textures of
the ores at the sample scale and has provided unprecedented insights into ore gen-
esis, but also how metal can be extracted. More recently, the advent of diffraction
contrast tomography (DCT) has allowed the mapping of crystallographic orienta-
tions of natural polycrystalline samples in 3D. This presentation will review the
application of 3D characterization to magmatic Ni-Cu-Co-PGE and Ti and V
deposits with examples from various deposits across the globe and will present its
future outlook in a digital world.

GARNET IN S-TYPE GRANITE: Lu-Hf DATING AND TRACE ELEMENT
DISTRIBUTION

Antoine Godet!, Matthijs Smit2, Carl Guilmette!, Doug Tinkham3,
Frangois Fournier-Roy!
"Université Laval, 2University of British Columbia, 3Laurentian University.
E-mail: antoine godet. 1@unlaval.ca

Late Neoarchean peraluminous granites are recognized as the final magmatic stage
of Archean craton assembly worldwide. Constraining the magmatic history and
emplacement conditions of these granites and the tectonometamorphic evolution of
the host rocks provides critical insights into the thermal structure and tectonic evo-
lution of the crust. The long-lived Decelles batholith (ca. 2670-2620 Ma), exposed
in the southeastern Superior craton in Canada, is one of the most voluminous gran-
ites in the region. Although it is known that the batholith was sourced from the
metasedimentary Pontiac Group at depth, its petrogenesis and relation to magma-
tism, metamorphism, deformation, and Au-base metal mineralization in the region
are yet to be fully understood. In this study, we investigated the isotope and trace-
element record of garnet recovered from three muscovite- and garnet-bearing gran-
ite samples from the Decelles batholith. Whole-rock and garnet fractions Lu—Hf
analysis yielded dates of 2668 £ 4 Ma, 2663 + 5 Ma, 2656 £ 7 Ma, which overlap
with Lu-Hf garnet and U-Pb monazite dates from the amphibolite-facies host
rocks of the Pontiac Group. In-situ trace-clement mapping of garnet by LA-ICP-
MS revealed well-preserved, sharp compositional zoning in all three samples. Garnet
grains exhibit a core featuring concentric oscillatory zoning in Li, P, Sc, Ti, Y, Zr,
REE, Hf, Th, and U with the concentrations decreasing outward; and an overgrowth
marked by relatively high MREE, HREE, and V, and low Li, Ti, P, Sm, Zr, Hf, and
U concentrations compared to the cores. The oscillatory zoning in the core is con-
sistent with trace element uptake controlled by varying growth rate and diffusion
kinetic at the garnet-matrix interface in a magmatic environment. The trace-element
zoning of the overgrowth reflects both a control by similar kinetic processes and
limited cation supply by coeval crystallization of muscovite, monazite, apatite, and
zircon. Overall, garnet of the Decelles batholith provides new constraints on the
timing of the protracted melting of the metasedimentary rocks source at depth, the
emplacement of the peraluminous magma at middle-crust level, and the long-lived
high thermal conditions during the final assembly of the southeastern Superior cra-
ton.



GEOSCIENCE CANADA Volume 50

DID YOUR GOLD DEPOSIT FORM BELOW 3 Km? - IT IS NOT
MAGMATIC

Richard Goldfarbl, Iain Pitcairn2
IChina University of Geosciences, 2Stockholm University.
E-mail: rjgoldfarb@mac.com

Orogenic gold deposits are recognized to form from aqueous-carbonic fluids over a
wide range of crustal depths, with the majority forming in the seismogenic zone
between about 6 and 12 km. They are typically spatially associated with many types
of intrusive rocks and may or may not have a temporal overlap with magmatism.
Such relationships, allowing for a convenient point source, commonly are argued to
suggest a genetic association between orogenic ores and magmatism. However,
whereas oxidized intrusions are recognized to form gold-bearing porphyry and
epithermal deposits in the upper 3 km of the crust, their ability to form deeper aurif-
erous ores, and thus most orogenic gold deposits, is extremely limited. Rising
hydrous granite melts with as much as 6 wt.% H,O will not exsolve significant fluid
volumes capable of forming large otre systems until pressures decline to about 1-2
kbar. In some cases, anomalously superhydrous magmas could become volatile sat-
urated at higher pressures that lead to release of atypically greater fluid volumes at
deeper levels than 6 km. Yet fluids released from melt at these depths would ascend
up sinuous channels in the mush and not be exsolved out of the sides of crystalliz-
ing melts at mesozonal and hypozonal depths. Supralithostatic fluid pressures at the
brittle shallow level tops to vertically extensive magmatic systems are required for
the forceful expulsion of gold-depositing fluids. The fact that most porphyry
deposits with economic gold form at levels no deeper than about 3 km indicates sig-
nificant gold remains in the melt until very low pressures and even epizonal orogenic
gold ores formed between 3 and 6 km are not sourced from melt. These relation-
ships furthermore show that enrichment of gold in the SCLM is not relevant for the
orogenic gold model because gold remobilization by melt will not form an orogenic
gold deposit, nor will a fluid released from the lithospheric mantle that will be of a
carbonic nature as most water at such depths will be trapped in hydrous minerals or
dissolved in melt. Although elements such as Te, Bi, W, and Mo are enriched in many
magmatic deposits, they can also be mobilized in non-magmatic aqueous-carbonic
fluid and are thus not diagnostic of a magmatic-hydrothermal system. The forma-
tion of orogenic gold occurrences should be solely viewed as inherent products of
moderate- to high-temperature metamorphism in any orogenic belt with fluid focus-
ing into large-scale crustal structures controlling deposit economics.

ADAPTING COMMUNITY EDUCATION AND ENGAGEMENT IN A
CHANGING ENVIRONMENT TO COMPLEMENT GROUNDWATER AND
WATER MANAGEMENT

Beatriz Gomez Canizo!, Peter Gray?, Kyle Davis3, Daniel Meagher*
"Waterloo Wellington Children’s Groundwater Festival,
2MTE Consultants Incorporated, 3Wellington Source Water Protection,
4Region of Waterloo Water Services.
E-mail: waterfestival@mwwegf-com

The inclusion of community participation and engagement is key to the success of
the management of ongoing water issues. Since 1996 the Waterloo Wellington Chil-
dren’s Groundwater Festival has actively worked to educate members of our com-
munity since a young age to spread awareness about water issues and the direct ben-
efits of individual and collective water-based actions. The last three years brought
new challenges that forced us to change our engagement approach. Complex prob-
lems require different methodologies and approaches; we adapted our programming
to offer a hybrid model that aims to inspire a behavioural response that leads to
grassroots changes to complement policy-driven conservation.
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A CLASSIFICATION STRATEGY FOR IGNEOUS ROCKS IN THE
MIDCONTINENT RIFT, CANADA

David Good
Western University.
E-mail: deood.sci@gmail.com

A new classification strategy for Midcontinent Rift (MCR) basalt and associated gab-
bro and ultramafic rocks is proposed, the main objective being to identify magmatic
suites associated with known Ni-Cu-PGE occurrences and their spatial distribution
across the rift. The study is based on the idea that units with similar incompatible
trace element signatures formed under similar conditions in a similar mantle source
region. Thus, a requirement for classification is that discrimination is based on initial
melt compositions and excludes effects due to contamination or fractionation. Ele-
ments used in this study are REE, Th, Nb, and Zr. The approach taken is to identify
point cloud clusters (magmatic suites) on contoured point density plots for REE
represented by ‘lambda’ parameters which emphasize slope and curvature of REE
patterns. The resultant groups are checked in Gd/Yb versus Th/Nb and Gd/Yb
versus La/Sm diagrams to identify influence by crustal contamination or clinopyrox-
ene fractionation, respectively. Melts produced in a metasomatized mantle source are
a special case and are distinguished from contaminated melts in a Zr-Th-La diagram.
The data set comprises a total of 1815 samples, 343 of which are basalt, from 70
mafic units. Data are carefully screened for discrepancies and extreme outliers
removed. Results indicate a total of eight distinct magmatic suites (Groups 1 to 8).
The groups are not listed in stratigraphic order because many units appear simulta-
neously, and a few are active for most of the MCR event. Highlights of the study
with respect to Ni-Cu-PGE mineralized intrusions include: (a) Group 1 includes the
Current, Seagull and Thunder intrusions and the Lower Suite basalt of the Osler
Volcanic Group; (b) Group 2 is the most voluminous and includes the Duluth,
Tamarack, Crystal Lake deposits, the Pigeon, Cloud and Arrow intrusions, and basalt
of the Greenstone Flows, Upper Suite at Black Bay (OVG) and Upper Groups A
and B at Mamainse Point; (c) The Eagle deposit is intermediate between Groups 2
and 5 but overlaps the field for all flows in Lower Mamainse Point Group A; (d)
Groups 3 and 4 are not, as yet, associated with mineralized intrusions and include
the Nipigon sills and basalt of the Centre and Upper Suites of the OVG; (e) Group
7 includes the Two Duck Lake (Marathon deposit), Abitibi Dykes and metabasalt
unit 3a; and (f) Group 8 includes the Geordie Lake deposit, some dykes of Copper
Island and Pukaskwa dyke swarms, and Wolfcamp basalt.

FLUIDAL AND BLOCKY PEPERITES IN THE MCKIM FORMATION OF
THE HURONIAN SUPERGROUP: IMPLICATIONS FOR
CONTEMPORANEOUS VOLCANISM AND SEDIMENTATION

Caroline Gordon
Ontario Geological Survey.
E-mail: caroline.gordon@ontario.ca

Peperites result from the interaction between magma and wet sediment. They are
important pieces of evidence that magmatism and sedimentation were broadly con-
temporaneous. Mapping by the Ontario Geological Survey in the southwestern Sud-
bury Structure footwall identified peperitic textures along the contacts between syn-
volcanic sills and/or mafic flows and sedimentary rocks in the Elliot Lake Group of
the Huronian Supergroup (HSG). This has implications for the timing and duration
of Huronian magmatism during the emplacement of the lowermost HSG. The
HSG is a well-preserved package of supracrustal rocks deposited along the southern
margin of the Superior Province. The Elliot Lake Group is the lowermost unit of
the HSG and consists of, from bottom to top, basal volcanic and sedimentary rocks,
sandstone and conglomerate units of the Matinenda Formation, and siltstone and
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mudstone turbidites of the McKim Formation. In the western part of the HSG
(Sault Ste Marie—Thessalon area), basal volcanic rocks (Thessalon Formation) are
unconformably overlain by the Matinenda and McKim formations. However, in the
east (Sudbury study area), there is field and geochemical evidence that the Elliot
Lake Group volcanic rocks (Elsie Mountain, Stobie, and Copper Cliff formations)
and synvolcanic sills are intercalated with the overlying Matinenda and McKim for-
mations. Multiple occurrences of peperites were identified at the contact of mafic
sills (and/or flows) and siltstone-mudstone units of the McKim Formation. These
peperites comprise sheet-like occurrences of fluidal and blocky clasts of mafic
igneous material (juvenile clasts) within a sedimentary matrix. Diagnostic criteria
include: (1) fluidal clast morphology ranging from amoeboid to globular; (2) jigsaw-
fit textures in blocky juvenile clasts; (3) sediment infill of fractures in clasts (fluidiza-
tion of sediment); (4) absence of bedding compared to adjacent laminated mud-
stones (destruction of sedimentary structures); and (5) contact metamorphism.
These relationships and textures suggest that the mafic magma interacted with wet
sediments of the McKim Formation pre-consolidation. The presence of the
peperites provides field evidence that Huronian magmatism continued (or resumed)
during deposition of the upper parts of the Elliot Lake Group.

A NOVEL APPROACH TO MEASURE CRUSTAL EROSION OVER
MILLION-YEAR TIMESCALES

John Gosse!, Alan Hidy?, Gerald Raab!, Lauren MacLellan!, Maya Soukup?
Dalhousie University, 2l.awrence Livermore National Laboratory-CAMS,
3New Found Gold Corp.

E-mail: john.gosse@dal.ca

Quantifying the variation in topographic relief evolution at hundreds of thousands
to million-year timescales remains challenging. Muon paleotopometry is a new
approach that may bridge methodological gaps between thermochronology and inci-
sion or basin analyses. The cosmic ray muon flux to a deep sample depends on the
crustal shielding thickness above the sample and how it changes with time. The spa-
tial pattern of concentrations of multiple muon-induced cosmogenic isotopes meas-
ured along a near-horizontal transect under valleys and peaks relates directly to the
evolution of that surficial relief history of changes (positive or negative) in crustal
thickness. It quantifies a history of paleotopographical variation above a sample
datum over an isotope-specific monitoring duration. By sampling at depths of hec-
tametres, long-lived isotopes are not sensitive to minor short-term (< 105-yr)
changes owing to cut and fill terraces, transgressions, or short-lived ice cover, for
instance, but short-lived isotopes may provide constraints on these. The method
uses concentration differences among a multi-sample array, so is not significantly
impacted by limitations in knowledge of muon flux and interactions at those depths.
We report: (i) the proof-of-concept investigation first application of the method
using samples in a SUFCO mine adit to measure the history of incision on a tribu-
tary to the Colorado River; (i) a paleotopometry experiment using samples from the
Gotthard-Base Tunnel to distinguish between slab break-off and glacial erosion as
mechanisms to explain the relief contrast across the Western to Eastern Alps; and
(iii) progress on a new experiment planned for the Sudbury region in 2023 to
improve muon-production rate systemics at depths to 400 m where we hope to
measure the history of Canadian Shield exhumation over the past 10 M.y..

THE ROLE OF PROCESS MINERALOGY IN BENEFICIATION AND
GEOMETALLURGY OF CRITICAL MINERALS

Tassos Grammatikopoulos
SGS Canada Ltd.
E-mail: zassos.grammatikoponlos@sgs.com

Ore deposits are complex and display a high degree of variability arising from their
inherent geological and mineralogical characteristics. Process mineralogy is estab-
lished as an integral part for both exploration and mineral processing in the mining
industry for critical minerals. Process mineralogy provides quantitative data includ-
ing mineral speciation, grain size, liberation and association to domain the ores for
both exploration and mining. Thus, it can link the geological domains to metallurgi-
cal response of the ore. Furthermore, process mineralogy is heavily applied in the
beneficiation processes to predict grades and recoveries, and explain the response of
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the minerals during beneficiation (i.e. flotation, gravity). Process mineralogy includes
the utilization of automated instruments such as TIMA (Tescan Integrated Mineral
Analyser), coupled with mineral chemistry including EPMA, LA-ICP-MS, whole
rock chemistry to characterize critical mineral deposits (i.e. REE, Li, Nb). Case stud-
ies will be presented to illustrate the complex mineralogical features, and further
understand the distribution of metals, minerals, textures, and potential responses
during processing and geometallurgical appreciations.

WHAT INCLUSIONS IN DIAMOND TELL US ABOUT THE
LITHOSPHERIC MANTLE BENEATH SNAP LAKE KIMBERLITE DYKE
(NORTHWEST TERRITORIES, CANADA)

Kelsey Graversen!2, Thomas Stachel?, D. Graham Pearson?, Ingrid Chinn!
De Beers Group, 2University of Alberta.
E-mail: &elsey.graversen@debeersgroup.com

The Snap Lake kimberlite dyke is located on the southern Slave craton, approximate-
ly 220 km northeast of Yellowknife, NWT. Previous studies have inferred, through
the observation of rare high-Cr majorite garnet inclusions, the presence of an
unusually thick lithospheric mantle root (> 200 km), which at depths corresponding
to the diamond stability field was mostly harzburgitic. This research characterizes the
various diamond substrates which make up the lithospheric mantle beneath Snap
Lake, in addition to mantle residence. Based on a set of 87 inclusion-bearing dia-
monds it is inferred that diamond formation occurred primarily in peridotitic mantle
(93%), with a more minor component forming in eclogitic mantle (6%) and a single
studied diamond shows rare mixed paragenesis (1%). The peridotitic inclusion suite
consists of garnet, olivine, chromite, clino- and orthopyroxene, sulphide minerals
and native iron-wistite, whereas the eclogitic inclusion suite consists of garnet, SiO,,
N-poor sulphide minerals and potassium feldspar. From the single mixed-paragene-
sis diamond, a peridotitic garnet, an eclogitic coesite and an eclogitic sulphide were
recovered, indicating the two sub-populations do not necessarily represent distinct
environments beneath Snap Lake. Geothermobarometry results indicate that dia-
mond formation occurred along a cool 36-38 mW/m? paleogeotherm at tempera-
tures ranging from 920 to 1230°C, between 120 and at least 210 km in depth. Nitro-
gen-based mantle residence temperatures agree well with geothermometry results
ranging from 1050-1280°C.

AN ASSESSMENT OF THE USE OF FLIPPED CLASSROOMS IN
UPPER LEVEL EARTH SCIENCE COURSES

Daniel Gregoryl, Alison Jolley?
University of Toronto, 2University of Waikato.
E-mail: danielgresory@utoronto.ca

An increase in engagement can be useful to obtain learning objectives in science
courses. Active learning has been shown to increase student engagement. Flipped
classrooms, where students watch videotaped lectures on their own time and then
undertake guided exercises during the scheduled lecture time, is one effective type
of active learning, These techniques have been popular for computational STEM
courses for some time; however, they have been slow to be implemented in the
Earth Sciences. Here we test the efficacy of flipped classroom techniques in upper
level non-computational geoscience courses by implementing the technique on a
subset of lectures for a fourth year mineral deposits class. Over three years we
implemented flipped classrooms, starting with one in 2019 and two in each of 2020
and 2021. These were assessed in 4 different ways. Cognitive engagement was deter-
mined by comparing midterm/final exam and lab exam results between material
taught as a flipped classroom and traditional lectures. This was supplemented by
questionnaires that students filled in to give their impression of how they viewed the
flipped lectures ability to help them learn and retain information when compared to
traditional lectures. Further, emotional and behavioural engagement was assessed
using a combination of questionnaires filled out by the students at the end of the
course and interviews conducted 1-3 years after the completion of the course. We
found that the flipped classroom lectures only slightly increased the student’s ability
to learn and retain the information presented. However, the flipped classrooms were
enjoyed by most students and appeared to increase their cognitive, behavioural, and
emotional engagement. Further, because one of the time-consuming aspects of
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developing flipped classrooms is production of video taped lectures, and now many
of us have video taped lectures because of virtual teaching during the pandemic, use
of flipped classrooms is a relatively easy way to increase engagement in Earth Sci-
ence courses.

THE SOURCE OF STRATABOUND CRITICAL METAL DEPOSITS IN
NORTHWEST CANADA: A VIEW FROM V ISOTOPES

Daniel Gregory!, Danielle McGilll, Daryll Concepcion!, Stephan Schuth?,
Ashley N. Martin2, Merilie A Reynolds3, Stefanie M Brueckner4
University of Toronto, 2Ruhr University Bochum,
3Northwest Territories Geological Survey, “University of Manitoba.
E-mail: daniel.gregory@utoronto.ca

The Selwyn Basin hosts several stratabound critical metal deposits, including thin,
high-grade Ni-Mo deposits and thicker, lower-grade shale-hosted V deposits. It is
hypothesized that these deposits are genetically related as they occur near the same
stratigraphic position at the sedimentary transition from the Silurian to Devonian.
Currently, the favoured deposit model invokes direct precipitation from the ocean
during extremely long periods of little to no sedimentation. In this model, the Ni-
Mo mineralization is thought to have formed under euxinic (i.e. water column con-
tains H,S) conditions, and the V-rich deposits are thought to form under anoxic but
not sulphidic conditions. To test this hypothesis, we analyze the V-isotope composi-
tion of V-rich shales from two different locations - the Rod property in Yukon and
the Van property in the Northwest Territories. Each of these locations hosts V min-
eralization tens of metres thick. Additionally, the Rod property also hosts enrich-
ments of Ni and Mo and maybe a transition between the V-rich and Ni-Mo-rich
endmembers of this type of mineralization. 5!V isotope signatures are particularly
useful for distinguishing between these endmembers as they have distinctive signa-
tures depending on water column conditions during sediment deposition. These
include 851V of —0.15 £ 0.15%o for hydrothermal sediments, 851V of —0.9 + 0.1%0
for oxic sediments, 81V of —0.5 £ 0.1%o for anoxic sediments, and 85V of —0.2 £
0.1%o for euxinic sediments. Preliminary results show an average 'V of —0.09 +
0.13%o, which we interpret to represent a hydrothermal influence on the stratabound
V mineralization, based on the assumption that Silurian/Devonian seawater had a
similar 851V to present. In a subset of these samples, it is possible that euxinic con-
ditions were also present, or were present instead of hydrothermal fluids as there is
some ovetlap between the range of 85!V values expected for hydrothermal sedi-
ments and euxinic conditions. However, results for the majority of samples are with-
in the range of values expected exclusively for hydrothermal systems whereas rela-
tively few are within the overlapping range permissive of euxinic conditions. Thus,
we propose that hydrothermal fluids are necessary for the significant enrichment of
V in metalliferous black shale. Further, because of the proposed genetic relationship
with stratabound Ni-Mo mineralization, we suggest that these deposits should also
be assessed using V isotope analysis.

IMPROVED UNDERSTANDING OF MINERAL WEATHERING
DYNAMICS IN WASTE ROCK THROUGH ADVANCED MINERALOGY

Adriana Guatame-Garcia, Bas Vriens
Queen’s University.
E-mail: adriana.gnatamegarcia@queensu.ca

Mine waste classification schemes to date rely heavily on bulk characterization to
assess drainage quality. However, emerging mineralogical tools allow us to quantify
mineral compositions, associations, and textures with increasing resolution and
throughput. While used extensively in mineral processing, quantitative mineralogy
has been deployed surprisingly little in mine waste management. This research aimed
to study the mineralogical weathering processes of waste rock using a combination
of instrumented kinetic tests, geochemical effluent analyses, and quantitative miner-
alogy. We used a set of systematic and controlled leaching experiments aimed at sim-
ulating the weathering of waste rocks from an iron (sienite) and a gold (skarn)
deposit under contrasting storage conditions (i.e. oxic vs. suboxic) for eight months.
During this time, we monitored the generated drainage chemistry and mineralogical
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dynamics by (1) collecting weekly drainage samples and measuring water chemistry
(ICP-OES) to assess metal loading and drainage quality deterioration over time, and
(2) collecting intra-column grab samples that wete mounted and analyzed with min-
eral liberation analyses (MLA), X-ray diffraction (XRD), and infrared spectroscopy
(IR) for microscale vs. bulk mineralogical properties. Our results show that the
drainage chemistry of the sienite waste rock was determined by interactions between
goethite and magnetite with ankerite and Mn-bearing epidote. In contrast, the
drainage of the skarn material was controlled by the dissolution of ankerite and
celestine. Under oxic conditions, the drainage from the sienite was circumneutral
(pH 7.4 to 7.9), whereas the drainage from the skarn was circumneutral to alkaline
(pH 7.5 to 8.3). In the suboxic environment, both skarn and sienite produced alka-
line drainage (pH 8.1 to 8.9). The reconciliation between water chemistry (dissolu-
tion of Fe, Mn, Sr) and mineralogy permitted us to estimate the specific contribution
of carbonate, sulphate, and aluminosilicate phases to the neutralizing potential of
the materials. Textural and particle size characterization using automated mineralogy
allowed for a quantitative assessment of mineral dissolution and precipitation rates.
These results improve the understanding of the mineral dynamics in waste rocks and
move beyond standard kinetic tests (e.g. acid-base accounting) to build a better
understanding of the material’s composition and its role as a source of pollution and
can contribute to novel mine waste management strategies.

NEW STRUCTURAL AND GEOCHRONOLOGICAL AGE CONSTRAINTS
(U-Pb) ON THE MIGUEL AUZA Ag-Zn (Pb) EPITHERMAL DEPOSIT,
MEXICAN SILVER BELT, MEXICO

Jorge Alejandro Guevara Alday!, Stéphane de Souzal, Alain Tremblay!,
Morgann Perrot!, Jorge Ortega?, Joshua Davies!
Université du Québec a Montréal, 2Excellon Resources Incorporated.
E-mail: guevara_alday.jorge_alejandro@courrier.ugam.ca

The Miguel Auza epithermal Ag-Zn (Pb) deposit is located within the Mexican silver
belt, in the northern Mesa Central Province, northern Zacatecas. The deposit is
hosted by sandstone and siltstone from the Upper Cretaceous Caracol Formation,
andesite and monzonite porphyry intrusions, and locally by a rhyolite dome. The
Caracol Formation shows shallowly plunging upright open folds that formed during
the Laramide orogeny. NW-SE-trending normal faults are common throughout the
area and are associated with Basin and Range tectonics. The deposit consists of sev-
eral mineralized veins, including those of the Calvario and Lechuzas zones, which
were mined intermittently until 2009. In addition, other mineralized veins associated
with fault and fracture zones have also been identified based on crosscutting rela-
tionships, orientation, texture and mineralogy. The emplacement of these mineral-
ized vein systems is poorly constrained. Therefore, we initiated a detailed structural
and U-Pb geochronological study to better understand their history, age and role in
the context of the Mesa Central Province. The vein field is subdivided into 1) NE-
SW- and 2) NW-SE-trending orthogonal vein sets composed of quartz and calcite.
The NE-SW-trending veins are steeply-dipping, sulphide-rich (pyrite-sphalerite-gale-
na) fault-fill veins. They contain Ag-sulphosalts and represent the main part of the
ore. They are characterized by colloform-crustiform textures, bladed calcite and
cockade breccia. The NW-SE-trending veins dip steeply to the NE and SW. They
have a low sulphide content and low overall silver concentrations. The kinematic
analysis of the mineralized structures indicates that the NE-SW mineralized faults
have a normal-oblique slip and are overprinted by the NW-SE-trending normal
faults. The andesite and monzonite porphyritic intrusions that host part of the min-
eralization were dated by U-Pb zircon (LA-ICP-MS) geochronology at ~83 and ~85
Ma, respectively. They contain few inherited zircons between ~170 and 160 Ma. The
rhyolite dome, which is cut by both the NW-SE-trending veins and the NE-SW-
trending normal faults, was dated at ~43 Ma giving a maximum age to these struc-
tures. Our preliminary data is consistent with previous “Ar—9Ar dating of alteration
and vein material between ~46 and ~45 Ma in the Calvario zone. Our work also
shows that the silver mineralization is not related to the porphyritic intrusions but
may instead be genetically associated with Eocene felsic magmatism in the northern
Mesa Central Province.
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TRACE ELEMENT SIGNATURES OF MAGNETITE CRYSTALLIZED
FROM MAGMATIC SALTS

Alexandre Guillerez, Zhong-zheng Yuan, Corliss Kin I Sio, Neil Bennett
University of Toronto.
E-mail: neil. bennett@untoronto.ca

The trace element composition of magnetite has been used to differentiate between
hydrothermal and magmatic origins for a variety of deposit types. Recently, there has
been renewed interest in the genesis of iron-oxide apatite (IOA) deposits, in which
magnetite is the primary iron oxide. A topic of debate is whether IOA deposits form
via predominantly magmatic or hydrothermal processes. Recently published data
proposed a new petrogenetic model that invokes country-rock derived carbonate-
sulphate melts as the important transporting agent for iron, based on the observa-
tion of such compositions in melt-inclusions from several IOA localities. Important-
ly, the localities they studied were previously considered to have hydrothermal ori-
gins. To test this hypothesis, it would be useful to assess if magnetite crystallized
from carbonate-sulphate (or similar) melts possesses a unique trace-element signa-
ture. To assess the ability of magnetite composition to distinguish the genesis of
IOA deposits, we have performed electron-probe microanalysis and laser ablation
inductively coupled plasma mass spectrometry on magnetite from 11 localities that
were crystallized from silicate magmas, carbonatite magmas, and hydrothermal flu-
ids. Trace element data were treated using principal component analysis (PCA), to
identify which elements are most useful in distinguishing magnetite formed in these
different settings. Work is ongoing to analyze a greater range of samples by LA-ICP-
MS, and high temperature experiments have been started to assess magnetite-salt
partitioning and determine the conditions of magnetite saturation in carbonate-sul-
phate melt compositions.

METASEDIMENTARY SUBPROVINCES OF THE ARCHEAN SUPERIOR
CRATON: A SOURCE OF GOLD, OF FLUIDS, AND OF CONFUSION

Carl Guilmette
Université Laval.
E-mail: carlguilmette@ggl.nlaval.ca

The Superior craton of North America, the largest exposure of Archean crust on
Earth, is subdivided into subprovinces sharing similar lithological assemblages,
metamorphic grades, structural styles, and geophysical signatures. Among the four
types of subprovinces, metasedimentary subprovinces are the youngest and likely
recorded the final stages of cratonization. They are widely interpreted as accre-
tionary wedges or foreland basins and some have also been identified as important
sources for the metamorphic fluids, ligands and gold that were involved in the for-
mation of the numerous orogenic gold deposits of the Superior craton. In this con-
tribution, we review the main characteristics of metasedimentary subprovinces and
present preliminary results of the craton-scale Gold Fluid Window research pro-
gram. Metasedimentary subprovinces are mainly composed of metaturbidite flows
of greywacke and mudstone interlayered with volcanic rocks and intruded by late
depositional sanukitoids and synmetamorphic S-type granites. Our new results from
the Pontiac and Quetico subprovinces indicate that metamorphic sequences relative-
ly close to gold-endowed areas underwent important background gold depletion in
the staurolite to sillimanite zones, from 1 to 0.1 ppb. This depletion is not observed
in poorly endowed areas. Muscovite-consuming dehydration reactions and the pyrite
to pyrrhotite transition may have been responsible for the generation of an impor-
tant pulse of S-bearing fluids. Phase equilibria modeling and garnet and monazite
geochronology constrain such reactions around 2657 Ma for the Pontiac sub-
province. S-type granite magmatism broadly overlaps with the duration of prograde
and peak metamorphism in the metasedimentary rocks. The main monazite popula-
tion in the Pontiac subprovince defines a peak at roughly 2645 Ma, corresponding
to the main xenotime populations observed in gold-bearing vein assemblages of the
Abitibi gold camp. These promising preliminary results support the idea that the
metasedimentary subprovinces of the Superior craton may have contributed to its
important gold endowment, but do not rule out other sources. This research pro-
gram also provides an opportunity to revisit the tectonic significance of these giant
metasedimentary belts, which are more likely to have initially formed as extensional
basins.
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MINERAL CHEMISTRY AND Nd ISOTOPE GEOCHEMISTRY OF
APATITE IN OROGENIC Au-ASSOCIATED GABBRO, BAIE VERTE, NL

Fatma Gumus, Stephen J. Piercey, John M. Hanchar
Memorial University of Newfoundland.
E-mail: fatmag@mun.ca

The textural and chemical variations (major-, minor- and trace-clement, and Nd iso-
tope compositions) of fluorapatite were examined to investigate the influence of
magmatism and alteration by hydrothermal fluids on the composition of apatite
associated with orogenic Au deposits on the Baie Verte Peninsula, Newfoundland.
Apatite was obtained from fresh and variably altered gabbroic rocks of the Animal
Pond prospect, the Stog’er Tight, and Argyle deposits. Gold mineralization in all
three areas is associated with pegmatoidal gabbro bodies that are variably deformed
and were metasomatically altered by orogenic Au-related hydrothermal fluids. The
original igneous rocks contain primary igneous apatite that was subsequently partial-
ly to fully replaced during later metasomatic alteration to produce secondary mon-
azite and xenotime and spatially associated with hydrothermal zircon. Both igneous
and hydrothermally altered apatite have similar initial Nd isotope compositions;
unaltered rocks (exqe = 2.34-0.60) and altered rocks (exqq = 2.8-6.96). In contrast,
the igneous and hydrothermally altered apatite exhibits wide variations in mineral
chemistry and textures. Both are subhedral to euhedral and have homogeneous
back-scattered electron (BSE) images; however, the apatite in the unaltered rocks
displays yellow to yellow-green cathodoluminescence (CL), whereas apatite in the
altered rocks has dark green to grey CL. Apatite chemistry, as determined by electron
microprobe and laser ablation inductively coupled plasma mass spectrometty, is also
distinct. Magmatic apatite is enriched in Mn, Cl, Mg, REEs, U, Th, and depleted in
St, and has low St/Y compated to the hydrothermal apatite. The textures and com-
positions are consistent with the altered apatite having experienced dissolution-
reprecipitation processes and subsequent growth of hydrothermal monazite and to
a lesser extent inclusions of xenotime. This study illustrates that igneous apatite can
be modified by hydrothermal fluids during fluid-rock interaction and can be used to
discriminate igneous vs hydrothermally influenced apatite in orogenic Au, and likely
other hydrothermal systems.

MINERAL CHEMISTRY AND Hf ISOTOPE SIGNATURE OF ZIRCON
FROM RHYOLITES IN THE IZOK LAKE VMS DEPOSIT, NUNAVUT,
CANADA

Lokman Gumus!, Stephen J. Piercey!, Corey J. Wall23, Kimberley Bailey?,
Michael P. Stubley?

'Memorial University of Newfoundland, 2Boise State University,
3University of British Columbia, *NorthWest Copper Corporation,
SIndependent Scholar.

E-mail: lokmang@niun.ca

This study integrates the results of U-Pb ages, and major, trace element and Hf iso-
tope compositions of zircon minerals from the Izok Lake volcanogenic massive sul-
phide (VMS) deposit, Slave Province, Nunavut. The Izok Lake deposit is hosted
within a sequence of mostly felsic volcanic rocks with lesser intermediate and mafic
metavolcanic rocks. Massive sulphides at Izok are predominantly hosted by felsic
volcanic rocks with ~2675 Ma chemical abrasion thermal ionization mass spectrom-
etry (CA-TIMS) U-Pb zircon ages. The temperatures of zircon crystallization
deduced from Ti-in-zircon geothermometry on zircon extracted from rhyolites from
the Izok Lake deposit are 919°C for footwall (R1-b) rhyolitic rocks and 860°C for
hanging wall rhyolitic rocks (R2). The ey values of footwall and hanging wall zir-
con grains range from —17.53 to +0.43 (avg = —5.59) and —0.78 to +19.88 (avg =
+3.70), respectively, indicating that both depleted mantle and crustal sources con-
tributed to their origin. Footwall zircon depleted mantle model ages (avg Tpy, =
2.91 Ga) are older than hanging wall zircon (avg Tpy, = 2.77 Ga). Trace element
abundances in zircon, as determined by electron microprobe and laser-ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses, indicate that
footwall rhyolite zircon has higher concentrations of Hf, Ti, U, Th, Y /Dy, and lower
Th/U and Zr/Hf ratios, but similar Ce and Eu anomalies and HREE-enrichment
in chondrite-normalized zircon REE patterns compared to hanging wall zircons. In
addition, in most zircon grains, there is extensive radiation damage, which is inter-
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preted to have been caused by high U concentrations in the zircon. Our study shows
that zircon chemistry can effectively be used to monitor igneous processes and their
relationships to felsic-hosted VMS deposits.

PILOT PALEOMAGNETIC STUDY OF THE 148 Ma NOTRE DAME BAY
MAGMATIC PROVINCE, NEWFOUNDLAND, CANADA AND ITS
RELATIONSHIP WITH NORTH ATLANTIC OPENING

Ai Gusti Gunal, Philip J.A. McCausland?, Alexander L. Peace!
McMaster University, 2Western University.

E-mail: Gunaa@memaster.ca

The ca. 147.9 Ma (Late Jurassic, Tithonian) Notre Dame Bay Magmatic Province
(NDBMP) in and around Leading Tickles in northern-central Newfoundland, con-
sists of numerous lamprophyre dykes that are radial around the gabbroic Budgell
Harbour Stock and are contemporaneous with Mesozoic rifting that led to opening
of the North Atlantic and formation of the Newfoundland margin. New paleomag-
netic investigation of the NDBMP builds on an earlier study in 1979., with the pre-
liminary results reported here. Measurements of mass-normalized magnetic suscep-
tibility, natural remanent magnetization (NRM), and alternating-field (AF) stepwise
demagnetization have been performed sequentially from NDBMP exposures near
Leading Tickles. Stepwise demagnetization between 0 to 20 mT removed a north-
west and steep downward-directed viscous remanent magnetism (VRM) of Declina-
tion = 334.30, Inclination = 68.40, with «95 = 10.65, and a precision parameter esti-
mate of k = 28, consistent with the present-day Earth’s field (PEF; D=341.9°%1 =
68.7°). The VRM typically constitutes between 30 and 90% of the NRM intensity,
recognized as an easily removed component of probable recent origin. A remaining
stable component is achieved by 40 mT and is interpreted to be the characteristic
natural remanent magnetization (ChRM) of NDBMP. The majority of sites carry
ChRM directions that have steep downward inclinations in outcrop coordinates.
Specimen directions reported in geographic coordinates provide an overall mean
ChRM of Declination = 334.60 , Inclination = 59.60, with «95 = 8.76, and a preci-
sion parameter estimate of k = 21.6 (n = 14 specimens), deemed to reliably repre-
sent the locality of the NDBMP. The preliminary paleopole (North polarity) of
NDBMP is computed to be Ap = 700 and ¢p = 197.30, with all sites thus far carrying
normal polarity during the formation of NDBMP. Both the original published result
and our preliminary data from an expanded investigation suggest that there is no evi-
dence for significant block rotation of the Newfoundland portion of the margin
with respect to North America since Late Jurassic — Tithonian time. Further work
on other sites seeks to test this result with possible reversed polarity ChRM.

HYDRATION MELTING IN OLIVINE-BEARING ZONE | OF THE
STILLWATER COMPLEX, MONTANA, USA

Anya Gupta, Alan Boudreau
Duke University.
E-mail: anya.gupta@dutke.edn

Olivine-Bearing zone I (OB-1) in the Stillwater Complex, Montana, hosts the high-
est-grade platinum-group element deposit in the world, the J-M reef. Several lines of
evidence, including hydrous melt inclusions in the olivine and chromite, eroded tex-
ture of plagioclase in olivine-rich rocks, excess of pegmatoids beneath OB-1, and
unusually Cl-rich apatite all have been used to suggest that the reappearance of
olivine and PGE-sulphide was from the hydration melting rather than orthomag-
matic processes. This study builds upon the hydration melting model using the pro-
grams MELTS and PELE using Stillwater bulk rock compositions for the original
protolith. Fluid inclusion evidence suggests that real fluids range from a solute-rich
mixture of alkalis (Na and K), Ca, Fe, and SiO, in solutions ranging from aqueous
brines to CO,-CH,-rich fluids. The alkalis in particular are strong fluxing agents. Cl-
beating species are not currently well-modeled by MELTS or PELE and in the mod-
elling, simple oxide mixtures (H,O or a mixture of H,O+Na,O) is added to gab-
bronorite to melanorite at 1000-1050°C at 2 kbar pressure, conditions for which the
nominally “dry” protolith is > 95% solid. Incongruent hydration melting produces
the most olivine in the melanorite protolith. In contrast, the amount of clinopyrox-
ene is largely unaffected by the degree of partial melting, the clinopyroxene presum-
ably stabilized by Ca liberated by melting of plagioclase. The Mg# of the olivine is
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a function of the partial melt retained on cooling, and ranges between 66 and 84,
overlapping the natural range of olivine compositions observed in the rocks. The
amount of partial melting is limited when H,O alone is the fluxing agent owing to
eventual saturation in a fluid. In contrast the addition of the H,0O-Na,O mixture can
lead to assemblages composed almost entirely of olivine + liquid. Finally, Cl-rich flu-
ids can contain substantial PGE and base metals, and fluids with a few percent S can
lead to sulphide precipitation during the hydration melting event.

RARE-METAL ENDOWMENT IN THE KEDRON GRANITE,
SOUTHWESTERN NB: USE OF PETROGEOCHEMICAL SIGNATURES
TO ASSESS CRYSTAL VERSUS FLUID FRACTIONATION

Graham Halcrow!, David Lentz!, Kathleen Thorne?
University of New Brunswick,
2New Brunswick Natural Resources and Energy Development.
E-mail: grabam.haleron@unb.ca

The southwestern portion of New Brunswick is host to a series of intrusion-related
tin, tungsten, and indium deposits with base-metals and gold related to the Late
Devonian to Carboniferous Neoacadian orogeny. The Pomeroy Intrusive Series, a
cluster of metaluminous to weakly peraluminous hybrid low-P, reduced I-type
granitic intrusions, contains several highly to extremely fractionated hypabyssal F-
rich granitic plutons. Most notable of this series is the Mount Pleasant deposits; the
earlier W-Mo-Bi Fire Tower Zone formed in the cupola to a highly fractionated
topaz microgranite (G1) and the later North Zone Sn-Cu-Zn-In mineralization with
endogranitic and exogranitic to the granite porphyty (G2). The Pleasant Ridge
Granite, another Pomeroy Intrusive series granite, is a deeper level, extremely frac-
tionated granite intrusion located west of Mount Pleasant, sharing characteristics
with surrounding intrusions. Chondrite-normalized REE plots of the Mount Pleas-
ant granites show very distinct bird-wing profiles with extremely negative Eu anom-
alies. Adjacent to these well-studied evolved granitic systems is the smaller Kedron
Granite and spatially related Sn-Cu-Zn-In mineralization. The Kedron Granite is
locally aplitic to pegmatitic to porphyritic, and shares geochemical characteristics
with local specialized granitic intrusions, including its extent of fractionation, high
Li-F, HREE, Y, U, and Ta contents and low Al/Ga, with endo- and exogranitic Sn-
W mineralization. It also exhibits a similar bird-wing-shaped, chondrite-normalized
REE profile with similar Eu/Eu* ratios. Geochemical analysis of selected drill cores
made by Billiton (mid 1980s) and Geodex (early 2010s) reveal the extent of fraction-
ation in various phases of the Kedron Granite. Zr/Hf follows a trend from ~17 to
11.2 and Nb/Ta ranges from 4.3 to as low as 1.9 in the most fractionated section;
Rb/Sr range from ~18 to 81, reaching as high as 144. Eu/Eu* ratios fall to as low
as 0.01. Zircon saturation temperatures of the most fractionated varieties indicating
a crystallization temperature as low as 655°C reflecting fluxing elements. Lithium
reached as high as 1600 ppm in certain intervals. Additionally, Sn content in assayed
samples reached up to ~0.09 wt.%. Examination of the more fractionated samples
shows an abundance of monazite within biotite that explains the REE endowment.
Magmatic fluorite has pleochroic halos hosted within biotite, thus we propose that
fluorite and associated inclusions crystallizing at the end of emplacement parti-
tioned some high field strength elements into its structure. Preliminary uXRF-EDS
analysis of fluorite with biotite phenocrysts shows that elements, such as Ce, Y, and
La, are all found in higher concentrations within these fluorites.

CONTROLS ON GOLD MINERALIZATION IN AN AMPHIBOLITE
FACIES GOLD DEPOSIT, HIGH LAKE GREENSTONE BELT, NUNAVUT,
CANADA

Evan Hall, Ross Sherlock, Bruno Lafrance
Laurentian University.
E-mail: ehall@ianrentian.ca

The controls on mineralization of gold deposits hosted in amphibolite facies rocks
tend to be enigmatic, as textural and structural features present in lower grade meta-
morphic rocks are commonly obscured if overprinted by high-grade metamorphism
and deformation. This may result in difficulties in differentiating orogenic deposits
from overprinted and metamorphosed magmatic deposits and provides challenges
in determining primary controls on mineralization. The Ulu gold deposit is the
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largest gold deposit within the relatively underexplored High Lake greenstone belt
in the Archean Slave craton; located 523 km north-northeast of Yellowknife. The
belt runs roughly north-south and consists of mafic volcanic rocks, and lesser felsic
volcanic and sedimentary rocks that range in age from 2705-2612 Ma. The deposit
is unusual in that it is hosted in amphibolite facies metavolcanic rocks and lacks
many of the features common in gold deposits hosted by greenschist facies rocks,
such as iron-carbonate alteration. Whole rock geochemistry and outcrop mapping
provide a framework for volcanic stratigraphy and structural and chemical controls
on gold mineralization within the deposit. The Flood zone, which hosts the bulk of
the gold mineralization, occurs at the contact between high and low Fe/Ti basalts.
These volcanic rocks are folded into an anticline, and Flood zone mineralization is
interpreted to be associated with this folding event. Mineralization occurs as free
gold in association with acicular arsenopyrite in a brecciated and intensely silicified
northwest trending zone, which is overprinted by younger folds and foliation. This
research investigates the structural and stratigraphic setting of the Ulu deposit and
aims to provide a chronological framework and interpretation for the emplacement
of gold mineralization.

THE MESOPROTEROZOIC-NEOPROTEROZOIC TRANSITION IN
NORTHERN CANADA

Galen Halverson!, Maxwell Lechtel, J. Wilder Greenman?, Timothy Gibson3,
Katie Maloney!, Robert Rainbird*
McGill University, 2Dalhousie University, *Yale University,
4Geological Survey of Canada.
E-mail: galen.halverson@mcgill.ca

The Mesoproterozoic—Neoproterozoic transition (ca. 1200-800 Ma) was a critical
interval in the diversification and ecological expansion of early eukaryotes. This prel-
ude to the extraordinary geochemical changes and climatic upheaval that define
much of the late Proterozoic also spanned the final assembly of the supercontinent
Rodinia and its initial demise. Late Mesoproterozoic to early Neoproterozoic strati-
graphic successions that capture portions of this time interval are relatively wide-
spread across northern Canada, where they comprise much of what has historically
been referred to as “Sequence B”. Recent focused stratigraphic investigations on
these rocks, coupled with the generation of many new radio-isotopic ages, has both
improved broad interbasinal correlations of Sequence B strata and revealed their
tectonostratigraphic complexity. For example, it is now evident that the strata in the
Bylot basins of northeastern Laurentia were deposited during multiple, discrete
episodes between ca. 1.27—1.0 Ga, but that the dominant basin filling stage (ca. 1.1—
1.05 Ga) was coeval with the Mid-Continent Rift and a depositional phase in north-
western Laurentia. Here we present an update on the state of knowledge on
Sequence B strata with an emphasis on the tectonic and paleobiological implications
of the updated ages and revised chronostratigraphic framework. This synthesis
highlights the importance of sedimentary successions in northern Canada to under-
standing the tectonic evolution of Laurentia and global biospheric change across the

Mesoproterozoic—Neoproterozoic transition.

WHAT CAN THE CHEMISTRY OF MAGNETITE TELL US ABOUT THE
ORIGIN OF MAGNETITE-APATITE DEPOSITS?

John M. Hanchat!, Fernando Tornos?
Memorial University of Newfoundland, 2Instituto de Geociencias (CSIC-UCM).
E-mail: jhanchar@mninn.ca

Magnetite (Fe;O,) is a near-ubiquitous mineral in igneous rocks of varying compo-
sitions (mafic to felsic), cooling histoties (plutonic, extrusive), conditions of forma-
tion (subduction zones, rifts, hotspots), and crustal settings (oceanic, continental).
Magnetite is also a common mineral in metamorphic and metasomatized rocks, and
in heavy mineral sands and sedimentary rocks. Many recent studies have examined
whether the trace element chemistry of magnetite can be used to: discriminate
between magmatic and hydrothermal mineralizing systems; to calculate tempera-
tures; and to develop models for the origin of magnetite-apatite (MtAp) deposits.
Magnetite trace element chemistry is a powerful tool for obtaining a better under-
standing of the geological evolution and history of these systems; however, the
indiscriminate and unconstrained use of magnetite trace element geochemistry can

http://www.geosciencecanada.ca

GAC-MAC-SGA 2023 Sudbury Meeting: Abstracts, Volume 46

potentially lead to geologically unrealistic results. Results will be presented that
include a comparison of magnetite compositions from MtAp ore, as well as altered
and unaltered host rocks from the El Laco MtAp deposit in northern Chile. For
comparison, magnetite trace element data from other localities will be discussed,
including a typical unmineralized andesitic country rock from the Punta del Cobre
region in Chile, magnetite from the classic Kiruna MtAp deposit in Sweden, from
altered and unaltered Icelandic rhyolites, and unaltered granites from the Mojave
Desert in California, to assess and evaluate the compositional variations that occur
in magnetite from different geological environments. The trace element chemistry
of magnetite in both host rock and ore from El Laco are consistently distinct from
one another. We further evaluate the use of magnetite trace element chemistry, tak-
ing into consideration other geological and geochemical factors including coeval
phases, tectonic setting, petrogenetic processes, and metasomatic alteration by
hydrothermal fluids involved with elemental availability and partitioning during mag-
netite crystallization (economic grade or otherwise).

EMERGING THEMES FROM MELT INCLUSION STUDIES IN
VMS-MINERALIZED ARCHEAN VOLCANIC ROCKS IN THE ABITIBI
SUBPROVINCE, CANADA

Jacob Hanley!, Priyal Daya!, Daniel Meagher!, Kevin Neyedley?,
Zoltan Zajacz?, Patrick Merciet-Langevin3, Anne-Sophie Tabaud?,
Stephen Piercey*
1Saint Mary’s University, 2University of Geneva, 3Geological Survey of Canada,
4Memorial University of Newfoundland.

E-mail: jacob.hanley@snmn.ca

Silicate melt inclusions (SMI) hosted in quartz and zircon in felsic volcanic rocks and
related subvolcanic intrusions from variably VMS-endowed volcanic assemblages in
the Abitibi subprovince are being investigated through integration of a variety of
analytical methods (SEM, confocal Raman spectroscopy, LA-ICP-MS). For zircon-
hosted inclusions, comprehensive textural and geochronological characterization of
the host (CL, LA-ICP-MS, SHRIMP, CA-ID-TIMS) is in progress, so that melt
inclusion data can be linked to incremental magmatic events and inheritance can be
avoided. The goals of the research are to better understand the link between metal
endowment and magmatic processes, and to present the first melt inclusion data
from felsic volcanic rocks of Archean age globally. Four themes have developed
from these investigations: (1) Owing to post-entrapment and post-solidus processes
(alteration, metamorphism, degassing and crystal accumulation) whole rock data
misrepresents the primary magmatic metal endowment. In many assemblages, base
and precious metal concentrations are typically at least an order of magnitude lower
in the host rocks compared to SMI concentrations, and do not reflect the variable
entrapment of metal-rich phases (e.g. sulphide minerals) that were saturated at the
time of SMI entrapment; (2) In the Doyon-Bousquet-LaRonde and Kidd Creek dis-
tricts, the great variability in ore and accessory metal (Cu, Pb, Zn, Co, Ni, As, Sb, Te,
Bi) concentrations within the SMI are the result of co-entrapment of sulphide melts,
indicating that rhyodacitic liquids were sulphide saturated at depth. The metal
enrichment patterns of these sulphide melt phases show marked similarities to spe-
cific VMS ores zones (e.g. Au-rich ores at LaRonde), suggesting that degassing or
leaching of volcanic rocks prior to, during, or after emplacement may have destabi-
lized these metal rich sulphides contributing metals to hydrothermal ore fluids; (3)
Rhyolitic magmas were variably saturated in volatile phases at depth (notably car-
bonic fluid), and consequently, any consideration of magmatic volatile contributions
to VMS ore systems must consider that not all metal sequestering occurred locally
and that variable metal loss at depth may actually have been detrimental to the
magma metal fertility.

THE GEOSCIENTIFIC FOUNDATION OF NIAGARA WINES:
DEVELOPMENT OF AN OPEN ACCESS NIAGARA WINERY GEOTRAIL

Joseph Hansen!, Keira Hum!, Katie Maloney?, Carolyn Eyles!
McMaster University, 2McGill University.
E-mail: eylesd@mcmaster.ca

The Niagara region in southern Ontario is famous for its wineries. Wine production
in this region thrives because of the unique combination of physiographic, pedolog-
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ical, and climatic factors influenced by the local geology. However, there is limited
information about these significant environmental factors available in an open-
access and accessible format for a public audience. We are creating an informative
and educational virtual field trip, known as a GeoTrail to highlight how the geolog-
ical setting governs the modern climate and the diverse agriculture industry (e.g.
specifically vineyards) in the Niagara Region. The GeoTrail will describe the geolog-
ical and physiographic features of the northern Niagara Peninsula and adjacent
escarpment face, the origin of these features, and their importance in affecting
pedological and climatic factors critical to successful vine growth in the area. These
factors all influence the characteristics of the wines produced by a particular grape
in different parts of the region (terroir) and have allowed the identification of spe-
cific appellations and sub-appellations. The GeoTrail will include information about
the geological and physiographic characteristics of selected wineries from the Lake
Iroquois Plain bordering Lake Ontario and the Niagara Escarpment (including sev-
eral distinct benches and terraces) and the wines characteristic of these particular
settings. The GeoTrail will be hosted on the geoscienceinfo.com website and is
intended as an informative guide for a driving tour promoting both geoscience com-

munication and local tourism.

STUDIES OF ACCESSORY MINERALS IN THE ATHABASCA BASIN TO
EVALUATE THE POSSIBLE SOURCES OF U AND REE IN
UNCONFORMITY-RELATED URANIUM DEPOSITS

Goktug Harmanci!, Guoxiang Chi!, Yumeng Wang!, Victoria Tschirhart?,
Jetemy Powell2, Duane Petts?
University of Regina, 2Geological Survey of Canada.
E-mail: goktugharmanci3@gmail.com

Unconformity-related uranium (URU) deposits in the Athabasca Basin are among
the largest high-grade uranium deposits in the world and many of them also contain
high concentrations of rare earth elements (REE). It remains unclear whether U and
REE werte derived from the basin, basement, or both. Previous studies indicate the
presence of U- and REE-rich diagenetic fluids in the basin, as recorded by fluid
inclusions in quartz overgrowths and some diagenetic minerals. However, there are
considerable uncertainties regarding where these metals were originally hosted in the
sediments (source), how the metals may have been released into the basinal fluids
(extraction), how much and in what form the extracted metals may have been
retained in the sediments (sink), and how much of the metals remaining in the basi-
nal fluids may have contributed to the formation of the URU deposits. This study
aims to characterize the major and trace element compositions and textures of detri-
tal and diagenetic accessory minerals hosting most of the U and REE in the sedi-
mentary rocks (mainly sandstones) of the Athabasca Basin, including zircon, mon-
azite, xenotime, apatite, Fe- and Ti-oxides, aluminum phosphate sulphate (APS) min-
erals, and clay minerals. A number of samples have been collected from different
stratigraphic levels and different locations across the basin and polished thin sec-
tions have been prepared from them. Selected samples containing the targeted min-
erals will be studied with petrographic microscopy, scanning electron microscope-
energy dispersive spectroscopy (SEM-EDS), electron probe microanalyser (EPMA),
SEM-cathodoluminescence (SEM-CL), Raman spectroscopy and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis and mapping.
Preliminary results indicate that the potential U- and REE-bearing minerals are
unevenly distributed in the sandstones and show various features indicating fluid-
mineral reactions. Petrographic features indicating uneven alteration of zircon grains
similar to those of metamict zircon that experienced reaction with high-salinity flu-
ids were observed. The results of this study will be combined with the whole-rock
analytical results of sedimentary rocks in the Athabasca Basin from the literature to
calculate the amounts of U and REE that may have been released from the basin
and to assess the potential of U and REE mineralization of the basin as a whole,
particularly the contribution of U and REE from the basin to URU mineralization.
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EVALUATING REACTIVE MATERIALS FOR PASSIVE WATER
TREATMENT IN OIL SAND MINE RECLAMATION LANDFORMS

Sanaz Hasani, Matthew B.]. Lindsay
University of Saskatchewan.
E-mail: sanaz.hasani@unsask.ca

Mining activities in oil sand mines in northern Alberta, Canada, produce froth treat-
ment tailings (FT'T) that are characterized by elevated sulphide-mineral and low car-
bonate mineral content. Previous studies have shown that oxidative weathering can
promote acidification and metal release, with associated FT'T porewaters exhibiting
pH below 4 and elevated concentrations of several metal(loid)s including Fe, Al, Zn,
Ni, Co, Cu, and As. Although neutralization reactions within FTT deposits increase
pH and promote metal(loid) attenuation, other mine materials including overburden,
tailings, and upgrading by-products could contribute to these mitigation reactions
within reclamation landforms. We conducted laboratory batch experiments under
anoxic conditions to assess the acid neutralization and metal(loid) attenuation capac-
ity of various mine materials and, for comparison, reactive materials commonly used
for water treatment at metal-mining operations. We independently reacted two sim-
ulated FT'T pore-water solutions (i.e. pH 4.5 and 7.5) with overburden (i.e. peat, gla-
cial till, shale), tailings (i.e. coarse sand tailings, fluid fine tailings), and reactive mate-
rials (l.e. zero-valent iron (ZVI), zeolite). In all batches, we observed increases in
solution pH and alkalinity coupled with decreasing metal(loid) concentrations. Solu-
tion pH increased from 4.5 to ~7 in the acidic batches, while pH values for the cir-
cumneutral batches ranged from 7.3 (peat) to ~9 (ZVI). Iron removal ranged from
16 to 96%, with the highest removal observed in the batches containing zeolite.
Extensive removal of Co (94-98%), Ni (> 99%), Zn (> 99%), Cu (> 99%), V (>
99%), Se (> 99%), and As (> 99%) was observed for all pH 4.5 and pH 7.5 batches.
Our results show that several oil sands mine materials possess substantial capacity
for acid neutralization and metal(loid) attenuation, which could be utilized for FTT
management and reclamation.

CRITICAL MINERALS IN GOLD DEPOSITS AND THEIR BY-PRODUCT
POTENTIAL

Evan Hastie
Ontario Geological Survey.
E-mail: evan.hastiec@ontario.ca

Gold is one of Ontario’s most significant mineral resources, and its gold deposits
represent some of the richest in the world. These gold deposits are host to more
metals than simply gold, and many of these (e.g. Te, Sb, Mo, Bi, etc.) are listed in
global critical mineral strategies. For example, previous studies on the Kirkland Lake
gold district have reported some Te concentrations in gold ore but the by-product
potential of Te remains unknown due to a lack of data and appropriate certified ref-
erence materials. These data suggest Te concentrations in the Kirkland Lake gold
district may be comparable to current Te producers (e.g. Boliden Group - Kankberg
deposit). By-product potential may also exist for many other elements in other juris-
dictions such as Mo-Sb-Te in the Hemlo atea and Sb in the Red Lake area, but no
comprehensive and quantitative study of all the secondary metals associated gold
deposits across Ontario has been undertaken to date. If the concentration of sec-
ondary elements in gold deposits and their mineral hosts can be more comprehen-
sively investigated and compiled, then these data would provide a baseline for both
researchers and industry across many different disciplines. This presentation
explores the close associations of the semi-metals with gold in deposits and gives an
overview of the Ontario Geological Survey’s critical mineral project looking into the
by-product potential of gold deposits across Ontario. The project includes ore from
major gold camps, standalone deposits, developing prospects, and will produce the
first comprehensive multi-element geochemistry database on gold ore as well as a
detailed investigation into the mineral phases and deportment of critical metals. This
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project will assist gold exploration from the prospector- to major company-level,
allow industry to incorporate by-product and critical mineral potential in their
resource calculations from the very beginning of exploration, and allow existing
operations to re-evaluate their resources. There are more variables than these to con-
sider, such as cost of metallurgical processing and mill design compared to increased
profit, but without a basic understanding of the concentrations of metals and their
deportment, further action toward by-product production is unlikely.

CRUSTAL ARCHITECTURE AND DEEP BASEMENT STRUCTURES IN
THE NORTH RANGE OF THE SUDBURY IMPACT CRATER

Rasmus Haugaard!, Ademola Adetunji!, Rajesh Vajavur!, Saeid Cheraghil,
Mike Hamilton2, John Ayer!, John Spray3, David Snyder?, Richard Smith!,
Guido Serafini’, Kristin Henry®¢
Laurentian University, 2University of Toronto, *University of New Brunswick,
4Geological Survey of Canada, 5Glencore Company, ¢Vale Corporation.
E-mail: rashangaard@gmail.com

The 1.85 Ga Sudbury impact structure is one of the largest and best preserved
multi-ring craters on Earth. In contrast to many planetary bodies, the Earth has been
tectonically active and its surface has undergone intense erosional processes
throughout much of its history. Although this has erased most of Earth’s original
impact structures, the prolonged erosion presents a unique opportunity to access the
deeper geological architecture and basement structures of surviving large ancient
impact craters. Along a transect across the eastern part of the Sudbury North Range,
geophysical surveys (seismic, magnetotelluric (MT) and gravity) were conducted in
combination with the geological interpretation of deep (~3 km) drill cores. The
crater floor underneath the Sudbury Igneous Complex (SIC) is marked by concave
geophysical features that correspond with the top of the basement gneiss (footwall).
In this area, the footwall dips to the south beneath the SIC, progressively changing
from 45° in the north, to 15-20° further south, beneath the Onaping Formation. At
ca. 2.2 km depth, at the base of the SIC, a highly conductive MT-feature correlates
with a large Ni-Cu mineralized keel. The syn- to post-impact Penokean orogeny at
ca. 1.8 Ga resulted in north-directed thrusting and the formation of a large NW-SE
striking anticlinal fold with an amplitude of ca. 1.5 km of both the footwall and the
SIC. In addition, a pronounced subvertical crustal fault is evident between the SIC
and footwall gneiss close to surface in the north, which can be seismically traced
down to a depth of at least 7 km, separating two different seismic domains within
gneissic footwall rocks. The origin of this fault is uncertain, but may be related to a
potential North Range ring structure exterior to the remaining SIC. The feature
could mark the southern boundary of the original uplifted inner ring structure sep-
arating a high-grade metamorphic central uplift (inner basin) to the south with a
higher crustal level, lower grade metamorphic domain, to the north.

AN EVOLUTIONARY SYSTEM OF MINERALOGY: CLASSIFYING
MINERALS BASED ON PROCESS AND TIME

Robert Hazen, Shaunna Morrison
Carnegie Institution for Science.
E-mail: rhazen(@cim.edu

The story of Earth is a 4.5-billion-year saga of dramatic transformations, dtiven by
physical, chemical, and ultimately biological processes. The co-evolution of life and
rocks unfolds in an irreversible sequence of evolutionary stages. Each stage re-
sculpted our planet’s surface, while introducing new planetary processes and phe-
nomena. Sequential changes of terrestrial planets and moons are best preserved in
their rich mineral record. “Mineral evolution” attempts to classify minerals based on
our planet’s diversifying near-surface environment, beginning with a score of differ-
ent mineral species that formed in the cooling envelopes of exploding stars. Dust
and gas from those stars clumped together to form our stellar nebula, the nebula
formed the Sun and countless planetesimals, and alteration of planetesimals by
water and heat resulted in the 300 minerals found today in meteorites that fall to
Earth. Earth’s evolution progressed by a sequence of chemical and physical process-
es, which ultimately led to the origin of life. Once life emerged, mineralogy and biol-
ogy co-evolved, as changes in the chemistry of oceans, the atmosphere, and the
crust dramatically increased Earth’s mineral diversity to the more than 5800 species
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known today. The “evolutionary system of mineralogy” is an effort to place those
mineral species approved by the International Mineralogical Association’s Commis-
sion on New Minerals, Nomenclature, and Classification (IMA-CNMNC;
https://rruffinfo/ima) into their historical and paragenetic contexts. The initial five
parts of the system cataloged almost 300 species that occur as primary and second-
ary phases in meteorites. Part VI focused on Earth’s earliest mineralogy, including
262 species formed via a variety of igneous, hydrothermal, aqueous alteration, and
other near-surface processes. Part VII on “The evolution of the igneous minerals”
documented 1665 primary species, with special attention to the most common 115
kinds of igneous minerals, while Part VIII examines metamorphic mineral evolu-
tion. The final four parts of the system will examine biologically mediated minerals.

ON THE EVOLUTION OF THE IGNEOUS MINERALS: AN INFORMATICS
APPROACH TO RARE-ELEMENT MINERALS

Robert Hazen!, Shaunna Motrrison!, Anirudh Prabhul, Michael Walter!,
Jason Williams?
ICarnegie Institution for Science, 2United States Geological Survey.
E-mail: rhazen@ciw.edn

Igneous rocks display characteristics of an evolving chemical system, with significant
increases in their minerals’ diversity and chemical complexity over the first two bil-
lion years of Earth history. We compiled and analyzed 1635 modes of diverse
igneous rocks and applied methods of mineral informatics to explore patterns in
igneous mineral evolution. In particular, 115 of the most common primary igneous
minerals fall into 4 communities, each with its own set of compositional attributes.
Earth’s earliest igneous lithologies (> 4.56 Ga), were ultramafic rocks rich in olivine
and/or pyroxene - rocks that have been present throughout the planet’s history.
Basalt, gabbro, and other mafic rocks with significant calcic plagioclase, which were
formed from magmas primarily derived by decompression melting of ultramafic
rocks, have been present almost as long as ultramafics, probably by 4.56 Ga. Small
volumes of quartz-normative igneous rocks formed during the final crystallization
stages of some gabbroic intrusions prior to 4.5 Ga, with much greater volumes of
granitoid rocks initially formed by partial melting of basalt and/or sediments by 4.4
Ga. Four mineralogically distinctive groups of igneous rocks - complex granite peg-
matites, alkaline igneous suites, carbonatites, and layered igneous intrusions, each of
which contains diagnostic concentrations of rare elements - significantly postdate
the igneous lithologies outlined above. All appear to have first formed close to ~3.0
Ga, possibly because they required the extensive fluid-rock interactions of the crust
and upper mantle associated with subduction. Each of these four types of exotic
igneous mineralization added to the diversity, as well as the chemical and structural
complexity, of Earth’s minerals. These more recent varied kinds of igneous rocks
hold more than 700 different minerals, 500 of which are unique to these lithologies.
Network representations and heatmaps of ptrimary igneous minerals illustrate
Bowen’s reaction series of igneous mineral evolution, as well as his concepts of min-
eral associations and antipathies. Furthermore, phase relationships and reaction
series associated with the minerals of a dozen major elements (H, Na, K, Mg, Ca,
Fe, Al Si, Ti, C, O, and S), as well as minor elements (notably Li, Be, St, Ba, Mn, B,
Cr,Y, REE, Ti, Zt, Nb, Ta, P, and F), are embedded in these multi-dimensional visu-
alizations.

DEVELOPMENT OF EDIACARAN ULTRAMAFIC LAMPROPHYRE
DYKES IN THE SAGUENAY CITY REGION, QUEBEC

Michael Higgins
Université du Québec a Chicoutimi.
E-mail: mhiggins@ungac.ca

The oldest part of Saguenay City Alkali Province (SCAP) comprises two swarms of
ultramafic lamprophyre dykes (UML). The Saguenay Fjord swarm (SFD) is exposed
along the Saguenay and dips 35° to the north. Some SFD are cumulates of olivine,
oxides and baddeleyite (phoscorites). A second, smaller swarm crops out in the Baie
de Haha (BDH), just to the south with a vertical NW-strike. The SDF is ca. 580 Ma
and the BHD is as yet undated, but probably similar in age. High-temperature min-
eralogy is only preserved in a few dykes: Mg# Olivine = 84; Pyx = 82; Phlogopite
= 81. Compositions of the SFD have a continuous compositional range: e.g. CO, =
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2-41%; SiO, 7-48%. One dyke has a mantle-derived xenolith (eclogite?), but the
outcrop is now butied. Some dykes have vesicles, now filled with calcite. The BHD
have more restricted compositions: CO, 1-10%; SiO, 24-42%. The overall compo-
sitional range is very similar to other UML fields, such as the well-documented Allik
dykes, Labrador. The UML phase was followed by a plutonic phase of carbonatite
and syenite intrusions (Sainte Honoré ~570 Ma) that are exploited for niobium. The
10 M.y. difference in age between the hypabyssal and plutonic components of the
SCAP rules out a simple model of maturation of a single plumbing system. Instead,
it is suggested that the underlying mantle was capable of producing alkali magmas
for at least 10 M.y., but that tectonic forces controlled transfer to the upper part of
the crust where they are now exposed. Most of the UML dykes appear to have risen
quite rapidly from the mantle without much differentiation; however, the
phoscorites show that some magma must have been stored at depth and entrained
in new magmas. It is likely that some of the ULM magma reached the surface to
erupt as maars and ash cones but these have not been preserved. The carbonatite
intrusions must represent differentiation during a more prolonged period of stor-
age, perhaps related to significant movements on rift faults. Again, it is likely that the
system was open to the surface.

VOLUMINOUS POST-COLLISIONAL, FERROAN, A-TYPE GRANITES
AND IMPLICATIONS FOR CRUST FORMATION AND METALLOGENIC
TENOR IN THE PALEOPROTEROZOIC

Alana M. Hinchey, Hamish A. Sandeman, Jared P. Butler
Geological Survey of Newfoundland and Labrador.
E-mail: alanahinchey@gov.nl.ca

Arc magmatism along convergent plate boundaries has been a major global contrib-
utor to continental crustal growth. During the late Paleoproterozoic—Mesoprotero-
zoic assembly of supercontinent Nuna, following arc-backarc-continent collisions,
the Makkovik Orogen, along the southern margin of the Archean North Atlantic
Craton, experienced major pulses of ca. 1800 Ma continental arc magmatism. Lith-
ogeochemistry indicates compositions typical of ferroan, alkali to alkali calcic, A-
type granites formed through fractional crystallization. The magmatic rocks have
exq Values varying from —5.3 to +2.0 and Tpyy model ages from 2750 to 1880 Ma,
suggesting derivation from variably recycled/assimilated Neoarchean to Paleopro-
terozoic lithosphere with a noteworthy juvenile component. Oxygen fugacity (fO,)
ratios, estimated by the proxy ratio of FeOT/(FeOT + MgO), range from 0.58 to
0.99, indicating the parental magmas formed in both reducing and oxidizing condi-
tions; this, coupled with observed alkali-calcic alteration makes them prospective for
a variety of intrusion-related styles of mineralization including iron-oxide-copper-
gold IOCG) and uranium. Based on the petrology, lithogeochemistry, and isotopic
compositions, the ca. 1800 Ma magmatic event developed post-collisional following
the docking of the Cape Harrison Arc/micro-continent with the North Atlantic
Craton (during the assembly of the supercontinent Nuna). This collision was fol-
lowed by slab roll-back (possible break-off), extensional collapse and mantle
upwelling resulting in the generation of the abundant ca. 1800 Ma felsic magmatism.
The timing of plutonism in a Makkovik Orogen overlaps with significant felsic plu-
tonism from ca. 1818-1799 Ma in the Julianechdb Igneous Complex and North
Atlantic Craton of Ketilidian Orogen of southern Greenland.

UNCONVENTIONAL MAGMATIC SULPHIDE SYSTEMS: IN SEARCH OF
THE NEXT Ni-Cu-Co-PGE DISCOVERY

David Holwell
University of Leicester.
B-mail: dah29@/e.ac.uk

Magmatic Ni-Cu-Co-PGE sulphide deposits are the world’s major source of battery
grade Ni, PGE, and important contributors to global Cu and Co resources and
therefore the discovery and development of these deposits is critical to the energy
transition to a net zero carbon future. Magmatic sulphides are hosted by mantle-
derived mafic-ultramafic intrusions and throughout the crust. Established models
for their genesis, which thus provide direction for exploration models, have focussed
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on a number of key criteria: (1) a craton margin association for many Ni-rich
deposits; (2) an intracratonic setting for most PGE deposits; (3) the importance of
plumes and extensional regimes for both; and (4) moderate to high (> 15%) degrees
of partial melting of dry, olivine-rich peridotitic source rocks. However, many
deposits do not conform to these criteria, and there are a significant number of
deposits in orogenic settings formed in mote alkaline and hydrous magmas that were
sourced from relatively lower degrees of partial melting of a metasomatized,
hydrous mantle source. The mineral assemblages in these sources contain phlogo-
pite which can contain Ni concentrations as high as olivine, and thus can be an
important source of Ni to magmatic sulphide systems in a wider range of geotec-
tonic settings. A number of examples of more unconventional deposits from Cana-
da and around the globe ate explored to illustrate the variable characteristics of mag-
matic sulphide deposits formed from hydrous and carbonated pyroxenitic, rather
than peridotitic mantle sources, emplaced throughout the entire thickness of the
continental crust. By identifying greater variability in the components of the Ni-Cu-
Co-PGE mineral system, search spaces can be expanded, and the next new discov-
ery could be outside of traditional, established Ni camps.

THE OROGENIC GOLD BELT OF CENTRAL NEWFOUNDLAND AND
POSSIBLE CORRELATIONS ALONG STRIKE

Ian W. Honsberger!, Wouter Bleeker!, Hamish A.I. Sandeman?,
Aaron L. Bustard3, Sandra L. Kamo#
!Geological Survey of Canada,
2Geological Survey of Newfoundland and Labrador,
3Geological Survey of New Brunswick, *University of Toronto.
E-mail: ian.honsberger@nrean-rncan.ge.ca

Paleozoic terranes in the Canadian Appalachians are bound and cut by deep-teach-
ing fault zones that host orogenic gold systems. In Newfoundland, such fault sys-
tems extend for more than 400 km northeast-southwest across the Dunnage Zone.
The scale of faulting and patterns of structurally controlled gold mineralization in
central Newfoundland resemble world-class orogenic gold systems globally. The
orogenic gold belt of central Newfoundland is defined by crustal-scale, late Silurian
to Devonian fault zones in the eastern Dunnage Zone (Exploits Subzone). These
fault zones overprint, crosscut, and reactivate older Silurian structures associated
with Salinic accretion. Latest Silurian, post-Salinic, crustal-scale extensional faulting
triggered widespread, strongly bimodal magmatism and created the accommodation
space for deposition of syn-orogenic clastic rocks (the polymict Rogerson Lake
Conglomerate). Latest Silurian extension in central Newfoundland was the key prel-
ude to Devonian thrust reactivation and orogenic gold mineralization. The largest
known gold deposits and related prospects are Devonian in age and occur along the
Valentine Lake-Victoria Lake shear zone corridor, a narrow structural ‘triangle zone’
defined by upward-converging, Acadian thrust faults of opposing dip. The model
for orogenic gold mineralization along the Valentine Lake-Victoria Lake shear zone
corridor in central Newfoundland requires careful testing along strike, both to the
southwest and northeast. In northeastern Newfoundland, orogenic gold mineraliza-
tion is hosted in Ordovician black shale-turbidite sequences and Ordovician and
Devonian gabbro bodies along a structural corridor defined by the Dog Bay Line
and Appleton Fault Zone. In the southwest, the orogenic gold-mineralized Cape Ray
Fault Zone preserves Silurian syn-orogenic sedimentary and igneous rocks similar to
the Victoria Lake Shear Zone; however, stratigraphic correlations between these
structures depend on systematic structural and geochronological studies. The Cape
Ray Fault Zone may continue along strike into northern New Brunswick where lat-
est Silurian to eatliest Devonian, extension-related, clastic sedimentary rocks and
bimodal igneous rocks occur along the Rocky Brook-Millstream Fault that hosts
Devonian orogenic gold mineralization. Present geological, geochronological, and
mineralization constraints support a correlation between the Rocky Brook-Mill-
stream Fault and the orogenic gold-mineralized Cape Ray-Valentine Lake-Victoria
Lake structural corridor. Future structural studies and syntheses in Newfoundland
and New Brunswick will be critical to further test along-strike correlations of oro-
genic gold-bearing structures.

https://doi.otg/10.12789/geocan;.2023.50.200
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THE AMUNDSEN-GANSWINDT BASIN: A PRE-NECTARIAN PEAK-
RING BASIN AND VOLATILE COLD TRAP IN PROXIMITY TO THE
ARTEMIS IIl EXPLORATION ZONE

Jack W. Hostrawser, Gordon R. Osinski
Western University.
E-mail: jhostran(@uwo.ca

In the region around the lunar south pole being targeted by the Artemis 111 crewed
lunar landing mission is a poorly preserved impact basin, unofficially named
“Amundsen-Ganswindt” (81°S, 120°E). This highly eroded basin, with an approxi-
mate diameter of 335 km and an age in the range of 4.5 to 3.9 Ga, contains a pre-
served remnant of an uplifted peak-ring that offers a previously unrecognized con-
fluence of geological targets within the scope of post-Artemis-III missions. This
peak-ring remnant has been mostly destroyed by subsequent impacts but its rem-
nants can be identified as a series of disconnected topographic highs that rise above
the low-lying basin floor and form an arcuate trend about the centre of Amundsen-
Ganswindt. This feature is similarly positioned and of similar shape to the well-pre-
served peak-ring observed within the nearby Schrédinger basin (75.0°S 132.4°E; 312
km; 3850-3200 Ma). Peak-rings uplift deeply-buried crustal material to the surface,
which in this region may mean that the peak-rings of both Amundsen-Ganswindt
and Schrédinger have uplifted materials of the outer rim of the South Pole-Aitken
basin (SPA)—the oldest and largest basin on the Moon. Dating the SPA via samples
will ‘anchor’ dates for all subsequent lunar impacts and will help to constrain the
thermal evolution of the Moon. In the case of the Amundsen-Ganswindt peak-ring
remnant, later ejecta from the Schrédinger, Amundsen, and Idel’son L craters have
likely draped the structure, making it appear less attractive a target for exploration
than the peak-ring of Schrédinger. However, the younger Idel’son L simple crater
(84°S, 116°E; 28 km; 3850-3200 Ma) has excavated directly into the Amundsen-
Ganswindt peak-ring remnant and thus its ejecta deposits expose ‘fresh’ material
from the peak-ring, delivering it to the traversable, smooth plains below. A remote-
sensing study of the region reveals that the ejecta of Idel’son L has spectral signa-
tures suggestive of high weight-percentage plagioclase, which would be expected
from uplifted lunar crust. Conveniently, the peak-ring remnant immediately east of
Idel’son L casts shadows that contain several kilometre-scale, permanently shadowed
regions with detections of water ice by the Lyman-Alpha Mapping Project ultravio-
let imager and the Moon Mineralogy Mapper infrared spectrometer. Thus, in a small
geographic region, there exists on low-slope terrain the potential to sample SPA
material, ejecta from Schrodinger and Amundsen craters, and preserved volatiles.

OVERVIEW OF MAGMATIC Ni-Cu-(PGE) AND CHROMITE DEPOSITS
ASSOCIATED WITH MAFIC AND ULTRAMAFIC ORE SYSTEMS IN
CANADA

Michel G. Houlé!, C. Michael Lesher?
1Geological Survey of Canada, 2Laurentian University.
E-mail: michel. houle@nrean-rncan.ge.ca

The transition to low-carbon economy that is taking place in Canada and elsewhere
around the world is bringing renewed interest in critical minerals, many of which
(Ni, Cu, Co, PGE, Cr, Ti, and V) are recovered from various deposit types related
to magmatic mafic-ultramafic mineral systems. Canada ranked sixth in Ni produc-
tion in 2021, representing close to 5% of global Ni production worldwide. Almost
all the historic and current Canadian production comes from large mining districts
(e.g- Sudbury, Thompson, Voisey’s Bay, Raglan, and Lynn Lake), all of which still
have significant large brownfield potential. However, several other tegions exhibit
excellent greenfields potential, as shown by the presence of many historic and
recently discovered Ni-Cu-Co-(PGE) deposits. Magmatic Ni-Cu-Co-(PGE) deposits
with variable abundances of sulphides/alloys and metal ratios formed throughout
geological time (Mesoarchean to Cenozoic) from a wide range of parental magmas
(komatiitic to quartz dioritic) in a wide range of tectonic settings (extensional to
convergent), so none of these attributes are particularly critical exploration variables.
However, they can be subdivided into three target categories based on sulphide
abundance: (1) sulphide-rich, (2) sulphide-poor, and (3) sulphide-free deposits. Sul-
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phide-rich deposits typically occur as clusters of high-grade small-tonnage accumu-
lations of massive/net-textured/disseminated/blebby Fe-Ni-Cu sulphides hosted by
cumulate-rich units in channelized mafic-ultramafic lava/sill/dyke/feeder complexes
(e.g. Raglan-Expo, QC; Thompson, MB; Voisey’s Bay, NL). Sulphide-poor deposits
typically occur as low-grade large-tonnage accumulations of disseminated Fe-Ni-
(Cu) sulphides hosted by cumulate-rich zones in channelized ultramafic lavas/sills or
layered ultramafic to mafic intrusions (e.g. Dumont, QC; Crawford, ON; Turnagain,
BC). Sulphide-free deposits typically occur as low-grade large-tonnage deposits of
disseminated Ni-Fe alloys (e.g. awaruite) hosted by thick ultramafic components of
ophiolitic complexes (e.g. Baptiste/Decar, BC). Deposits richer in sulphides are
more likely to contain economic abundances of accessory critical minerals (e.g. Te,
PGE, Sc). There are two target categories of Cr £ PGE deposits: (1) podiform
deposits in ophiolite complexes (e.g. Québec), and (2) stratiform deposits in layered
intrusions (e.g. Ring of Fire). There is current no production in Canada, although
there was some historic mining during the early part of the 20t century and with the
future development of the world-class Ring of Fire chromite deposits, Canada is
poised to become a significant chromite producer. Thus, Canada has not only signif-
icant potential for discovery of additional Ni-Cu-Co-(PGE) mineralization in tradi-
tional and established mining camps, but also has tremendous potential for discov-
ery of new Ni-Cu-Co-(PGE) and Cr-PGE deposits in underexplored regions of
Canada.

GEOLOGICAL ATTRIBUTES OF THE Cr-Ni-Cu-PGE AND Fe-Ti-V-P
MINERALIZED RING OF FIRE INTRUSIVE SUITE, MCFAULDS LAKE
GREENSTONE BELT, SUPERIOR PROVINCE, NORTHERN ONTARIO,

CANADA

Michel G. Houlé!, C. Michael Lesher?, Anne-Aurélie Sappin!,
Riku T. Metsaranta’
1Geological Survey of Canada, 2Laurentian University, 3Ontario Geological Survey.
E-mail: michel. honle@nrcan-rncan.gc.ca

One of the dominant geological features of the arcuate, > 175 km long,
Mesoarchean to Neoarchean McFaulds Lake greenstone belt (MLGB) in northern
Ontario is the semi-continuous trend of mafic to ultramafic intrusions belonging to
the Ring of Fire intrusive suite (RoFIS), which hosts world-class Cr deposits, a
major Ni-Cu-(PGE) deposit, and potentially significant Fe-Ti-V-(P) prospects. The
ROFIS has been subdivided into two endmembers based on their spatial distribution,
lithological associations, geochemical signatures, and mineralization styles: the
Ekwan River (ERSS) and Koper Lake (KLSS) subsuites. Although the mafic to ultra-
mafic intrusive bodies of these subsuites have similar emplacement/crystallization
ages (KILSS = 2735.5 to 2732.9 Ma vs. ERSS = 2734.1 to 2732.6 Ma), they are sig-
nificantly different in many respects: (1) the KLSS is spatially much more restricted
than the ERSS; (2) the KLSS is composed of dunite, peridotite, chromitite, pyrox-
enite, and gabbro, whereas the ERSS is composed of abundant gabbro and ferro-
gabbro with lesser anorthosite and rare pyroxenite and does not contain any olivine-
rich ultramafic rocks; (3) the KLSS typically hosts Cr and Ni-Cu-(PGE) mineraliza-
tion, whereas the ERSS typically hosts Fe-Ti-V-(P) mineralization; and (4) the KLSS
(higher values of Ni and Cr) and ERSS (higher values of Ti and V) have clear dif-
ferences in their geochemical trends indicating a distinct geochemical evolution. Fur-
thermore, ERSS ferrogabbro locally intrudes KLSS units, however, the opposite
relationship is also observed at one locality. The magmatic evolution is still being
debated, but the above observations suggest temporally overlapping but discrete
ultramafic-dominated (KILSS) and mafic-dominated (ERSS) intrusions with complex
contact relationships, rather than a single, large, tectonically dismembered layered
ultramafic-mafic intrusion, as previously suggested. A newly recognized intrusive
body in the area contains olivine-rich ultramafic rocks and chromitite seams, like
other members of KLSS, but both are enriched in Fe relative to rocks of the KLSS.
Regardless of their origin, the wide diversity of mineral deposit types within the
mafic and ultramafic rocks of the Ring of Fire intrusive suite, including Cr, Ni-Cu-
(PGE), and Fe-Ti-V-(P) mineralization, make the McFaulds Lake greenstone belt
region an excellent exploration target to increase the world’s supply of critical min-
erals.
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PROMOTING GEOSCIENCE EDUCATION THROUGH ACCESSIBLE
GEOTRAILS IN URBAN SETTINGS

Keira L. Hum!, Katie M. Maloney?, Joe Hansen!, Julia P. Nielsen!,
Carolyn H. Eyles!, Elli Papangelakis!, Alexander L. Peace!
McMaster University, 2McGill University.

E-mail: humk@micmaster.ca

It is extremely important to communicate geoscience concepts to the public in an
accessible and informative format to encourage appreciation of the importance of
geological processes in shaping our urban communities and to raise environmental
awareness. At McMaster University, Hamilton, Ontario, our team has created two
curated educational virtual field trips, urban GeoTrails, to highlight the geological
features of local building stones, and the characteristics of local rocks found in an
urban setting. These GeoTrails have been created using ArcGIS StoryMaps, an Esri-
developed software, which allows the integration of maps, images, text, and other
multi-media content into a user-friendly website. Images collected using non-intru-
sive technology such as drones, 360-degree cameras, and 3D models utilizing LiDAR
technology (collected by the iPad Pro), have been used to illustrate geological fea-
tures that can be observed along the set trail path. Two virtual urban GeoTrails have
been created around the McMaster campus, within the urban Hamilton area, high-
lighting the importance of the Niagara Escarpment as a local source for building
stones as well as the impact this landscape feature has had on the development of
surrounding communities: the “McMaster Rock Garden Urban GeoTrail” and the
“McMaster Building Stones Urban GeoTrail”. The objective of these GeoTrails is
to capture two different aspects of the McMaster campus, aimed toward two differ-
ent audiences. The McMaster Rock Garden Urban GeoTrail focuses on the usage of
notable, unique decorative rocks on the campus grounds and aims to inform stu-
dents and community members of their geological characteristics and origin. In con-
trast, the McMaster Building Stones Urban GeoTrail focuses more on the composi-
tion and origin of the stones used for the buildings, including their source areas and
historical aspects of quarrying in the region. This GeoTrail is primarily aimed
towards those interested in introductory geoscience, history, and architecture. In
previous years, a scavenger hunt prototype of these tours was used to introduce
first-year students to the McMaster campus as well as teach introductory geoscience
concepts. The current urban GeoTrails project is being developed in partnership
with the Association of Professional Geoscientists of Ontario (APGO) Education
Foundation and the GeoTrails are openly accessible to the public on the geoscien-
ceinfo.com website. The creation of these urban GeoTrails is particularly important
for exemplifying the impact geology has on our everyday lives and for captivating
urban audiences.

UNDERSTANDING THE EFFECTS OF MINERALIZING FLUIDS ON
PETROPHYSICAL PROPERTIES: A STUDY OF ELECTRICAL
PROPERTIES IN A Cu-Au SYSTEM AT UPPER BEAVER, CANADA

Brandon Hume!, Christian Dupuis?, Richard Smith?2
'Laval University, 2Laurentian University.
E-mail: brandon.hume.1@unlaval.ca

The Upper Beaver Deposit (UB) is a Cu-Au hydrothermal system located within the
Abitibi subprovince north of the main Larder-Lake Cadillac break. The Upper
Beaver Intrusive Complex (UBIC) can be broken down into successive intrusive
phases which contain abundant primary and secondary magnetite associated with
Cu-Au rich mineralization. The complex structural controls on mineralization often
influence the measured geophysical response, resulting in a difference in petrophys-
ical signal for two mineralogically similar host rocks. Using a ratio of a texturally sen-
sitive property (electrical resistivity) we have found that it is possible to differentiate
between alteration of geological units based on the geometry of textures (veining,
mineralization, and faulting) present. In this work, we show that resistivity is strongly
influenced by the geometry of the textures relative to the geometry of the measure-
ment instrument used to acquire borehole data. We show that hydrothermal epidote,
sericite, and mineralization have a significant effect on electrical resistivity over cen-
timetre to metre scale and these can be inferred from the results. To better illustrate
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the scale effects of these features and ultimately the macro texture of the rock mass
measured, we have introduced the resistivity ratio N64/N8. At UB, the resistivity of
the mineralized rock is expected to increase as textures increase in scale. The veins
that are associated with mineralization are dominated by quartz, carbonate and
ankerite. The resistivity ratios computed show that different alterations can be split
into three broad events: (1) pre-ore, (2) main-ore, and (3) post-ore based on their
N64/N8 ratios. Pre-ore alteration occupies a N64/N8 range of 1.5-2.0. Main ore-
event alteration can be split between Cu-Au and Au rich. The Cu-Au rich alteration
(epidote, K-feldspar) plots between 0.9 and 1.2 while the Au rich alteration (epidote,
ankerite) plots between 2.5 and 3.5. The post-ore alteration occupies ratios that
range from 0.5 to 0.7. Breccias and faults are associated with carbonate Au rich veins
and are shown to have a compounding effect on the N64/N8 ratio. We also found
that Cu-Au rich mineralization close to the stock work zone sees an increased resis-
tivity ratio when compared to distal mineralization. Fractures and hole conditions
were investigated but did not have a greater effect on resistivity than alteration. We
conclude that textures which are often associated with the highest grades of miner-
alization can be separated from host rock by compating measurements from differ-
ent electrode spacings.

IDENTIFYING POTENTIAL SOURCES OF CRITICAL MINERALS IN
MINERAL SYSTEMS USING THE CRITICAL MINERALS IN ORES
(CMIO) DATABASE

David Huston!, Evgeniy Bastrakov!, George Case?, Garth Graham?,
Al Hofstra?, Christopher Lawley3, Vladimir Lisitsin4, Bronwen Wang?
1Geoscience Australia, 2United States Geological Survey,
3Geological Survey of Canada, *Geological Survey of Queensland.
E-mail: David.Huston(@ga.gov.an

Although critical minerals (CMs) are currently produced from existing mines, their
distributions in many mineral systems are, in many cases, poorly known, raising the
possibility that CMs are not fully recovered from some ores. The Critical Minerals in
Ores (CMiO) database, compiled by Geoscience Australia, United States Geological
Survey, Geological Survey of Canada, and Geological Survey of Queensland as part
of the Critical Minerals Mapping Initiative, contains high-quality geochemical data
from global ore deposits classified using a common framework, enabling global
comparison. Using CMiO and other data, we have undertaken preliminary investi-
gations on distributions of CMs in mineral systems including porphyry Cu (PCu),
iron oxide-Cu-Au (IOCG), iron oxide-apatite (IOA), rare earth element (REE), and
Zn-dominated systems. The PCu systems are enriched in Re, Pt, Pd, Se, and Te rel-
ative to the continental crust. At the Pebble (USA) PCu deposit, Re and Se are
enriched in Cu ore zones, whereas Te is enriched immediately outside these zones.
Although generally not recovered, alkalic PCu deposits (e.g. Galore Creek, Canada;
Cadia, Australia) can be enriched in Pd and Pt. Cobalt and some REEs occur in
1OCG systems, with Co enriched in magnetite-dominant IOCG systems (e.g. Ernest
Henry, Australia; Kwyjibo, Canada), and REEs enriched in IOA (e.g. Pea Ridge,
USA) and hematite-dominant IOCG systems (e.g. Olympic Dam, Australia). The
enrichment of individual REEs depends strongly on mineral system type. In mag-
matic and metasomatic systems, light REEs (Ce to Sm) and Y are enriched in
hematite-rich IOCG, IOA and carbonatite (e.g. Saint-Honoré, Canada) deposits,
whereas heavy REEs (Eu to Lu) are enriched in deposits associated with peralkaline
magmatism (e.g. Strange Lake, Canada). Unconformity-related REE (e.g. Maw,
Canada; Wolverine, Australia) and ionic clay (e.g. Koopamurra, Australia) deposits
also tend to be heavy REE-rich, whereas shale-hosted (e.g. SBH, Canada) and phos-
phorite (e.g. Ardmore, Australia) deposits can be enriched in heavy and/or light
REEs. Zinc deposits are important sources of Ga, Ge, and In. Assessment of the
distribution of these CMs in Zn deposits suggest that Ge is concentrated in deposits
formed from low temperature, oxidized fluids (Mississippi Valley-type: Tres Marias,
Mexico; sediment-hosted massive sulphides: Red Dog, USA), whereas In is enriched
in deposits formed from higher temperature, reduced fluids (volcanic-hosted mas-
sive sulphide: Kidd Creek, Canada; skarn: Isabel, Australia). These examples demon-
strate the utility of the CMiO and other datasets for characterizing CMs distribution
in individual ore deposit and predicting CMs potentials of mineral systems.
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GOLD MINERALIZATION IN THE BLUEBERRY ZONE OF THE SCOTTIE
GOLD MINE PROJECT, STIKINE TERRANE, NORTHWEST BRITISH
COLUMBIA

Alex Hutchison!, Margaret Stewart?, Jacob Hanley!, Craig Stewart3
1Saint Mary’s University, 2Mount Royal University, 3Serac Exploration Ltd.
B-mail: Alex. Hutchison@.smn.ca

The Scottie Gold Mine Project is located within the Stikine terrane in northwest
British Columbia, in an area known as the ‘Golden Triangle’. The Scottie Gold Mine
Project comprises three main zones across approximately 4 km: the Blueberry zone,
the Scottie Gold Mine zone and the Domino zone. The mineralization trend of the
Blueberry zone has a N-S orientation and is juxtaposed against the E-W trend of
the Scottie Gold Mine and Domino zones. The focus of this study is to determine
the timing and origin of gold mineralization in the Blueberry zone, with the larger
objective of determining the relationship between the Blueberry mineralization
trend and the Scottie Gold Mine-Domino mineralization trend. Mineralization in the
Blueberry zone occurs along a strongly and pervasively chlorite-sericite-pyrite-car-
bonate-altered contact between andesite and siltstone. Mineralized east-northeast
striking veins intersect this contact, and the highest gold concentrations are docu-
mented along north-plunging ore shoots at the intersection between the contact and
the crosscutting veins. Combined results of field mapping, drill core sampling,
detailed petrography, and scanning electron microscope (SEM) analyses indicate that
gold occurs as electrum and is late in the paragenetic sequence of alteration and sul-
phide minerals. Gold is spatially associated with pyrite, pyrrhotite, molybdenite, and
arsenopyrite. Two phases of arsenopyrite are documented: an Sb-bearing phase and
a Co-bearing phase, with gold most closely associated with the Co-beating phase.
Whole-rock geochemistry and SEM analyses indicate a strong correlation between
Au, Mo, and Bi along the contact zone. The Au-Mo-Bi association in the Blueberry
zone supports an intrusion-related gold model for the development of this zone.
The strong structural control on mineralization and the late timing of gold suggest
that gold mineralization has been remobilized during deformation and metamor-
phism. Immediately north of the Blueberry zone is a large intrusion of the Texas
Creek Plutonic Suite, which has been interpreted to be the source of mineralization
at the Scottie Gold Mine zone and has a U-Pb age of 192.8 Ma. At the Blueberry
zone, the timing of gold mineralization is bracketed by an altered and mineralized
lamprophyre dyke that cuts the contact and has a U-Pb age of 186 = 6 Ma and by
peak metamorphism and deformation in the area at ca. 110 Ma. This suggests that
the Blueberry zone has a distinct source of mineralization, which has significant
implications for exploration and targeting in the area.

MINING MATTERS AND CRITICAL MINERALS: THE CRITICAL
MINERALS WORKSHOP AND CRITICAL CONNECTIONS POSTER
PROJECTS

Lesley Hymers, Samantha Kobak
Mining Matters.
E-mail: lhymers@miningmatters.ca

Mining Matters is a charitable organization dedicated to educating young people to
develop knowledge and awareness of Earth sciences, the minerals industry and their
roles in society. Since 1994, we have reached more than 800,000 students, teachers,
and members of the public across Canada. Mining Matters recently developed the
Critical Minerals Workshop, aimed toward high school students that introduces
them to Canada’s critical minerals deemed essential for a clean, sustainable, and dig-
itized future. Through a series of hands-on activities that encourage inquiry-based
learning and discussion, students explore and discover the properties and engineer-
ing applications of select critical minerals. Students are encouraged to examine and
question the criteria that deem a mineral ‘critical’ through an analysis of its local,
national, and global significance. In Module 1: Critical Minerals Lab, students are
introduced to critical minerals and some of their applications. Divided into three
components, this module allows students to investigate the properties and engineer-
ing uses of select critical minerals. In Module 2, Deconstructing Technology, stu-
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dents are introduced to the global interconnectedness of critical minerals. Working
in teams, they examine the critical minerals used in a smartphone, trace those mate-
rials to theit sources, and connect the minerals industry to global markets and the
economy. In Module 3, What’s Next, students participate in a World Cafe discussion
on topics surrounding critical minerals. Using knowledge gained from the first two
modules, they consider social and environmental connections in how critical miner-
als are extracted and used. The workshop is separated into three connecting modules
and is available for both in-person and virtual delivery. Mining Matters’ Mining
Makes It Happen educational poster series explores how minerals, metals, and ele-
ments connect with different aspects of daily life. Critical Connections is the sixth
poster in the series and features the 31 critical minerals, metals, and elements
declared by the Canadian government in 2021. Critical Connections examines the
role of critical minerals, metals, and elements in the Canadian aerospace, telecom-
munications, and automotive industries, and in green energy generation. The poster
provides detailed information about where critical minerals are mined and refined in
Canada and which provinces and territories host potential deposits. The poster also
provides a snapshot of the role that Canada plays in the global production of critical
minerals. Future plans include incorporating interactivity into a digital version of the
poster.

THE GEOLOGIST IN RESIDENCE - A CANADIAN GEOSCIENCE
EDUCATION AND COMMUNICATION PROJECT

Lesley Hymers!, Victoria Stinson2, Beth McLarty Halfkenny3
Mining Matters, 2Métis Nation of Ontario,
3Canadian Federation of Earth Sciences.
E-mail: lhymers@miningmatters.ca

The Geologist in Residence (GIR) was first imagined in 2016, based on the model
of the Geological Society of America’s GeoCorps program, which was designed to
provide short-term geoscience assignments in National Parks. The idea was brought
to the Canadian Federation of Earth Sciences (CFES) for consideration and the
educational concept was developed by the Canadian Geoscience Education Net-
work (CGEN), the educational arm of CFES. After envisioning the planning and
implementation possibilities in a Canadian context, CGEN recommended that the
initiative debut as a pilot project, with the GIR serving as volunteer ‘geoscience
interpreter” within a Canadian National Park. With Parks Canada visitor experience
product development officer, Fred Sheppard, as an early champion, meetings were
held to introduce the initiative and gauge interest. Parks in Ontario and Newfound-
land expressed interest and Pukaskwa National Park was ultimately selected to host
the Geologist in Residence Pilot Project. In 2020 CFES entered into partnership
with Parks Canada, defining the roles and responsibilities of the GIR volunteer with
the goal to increase public awareness and appreciation of the geology in Pukaskwa
National Park, and improve the capacity of park interpretive staff to connect visi-
tors with its geological features. This two-week residency would provide a geoscien-
tist the opportunity to gain practical field experience at the park, allowing staff and
visitors to engage with and learn from a geoscientist. Scope of work would include
communications including social media content and publications. The pilot project
launched in August of 2022 with Dr. Victoria Stinson, a geoscientist experienced in
the geology of Pukaskwa as the inaugural GIR. During her placement she provided
tours highlighting the geological processes that shaped the landscape of the park,
hosted oTENTik drop-in sessions for visitors to discuss the geological features they
had encountered, and utilized field excursions, hand samples and geological maps to
build practical and artistic activities based in experiential learning best-practice. Vic-
toria also assembled a new curated rock collection for the visitors’ centre, and creat-
ed a script for park staff to serve as a geological interpretation resource. The
Pukaskwa Park GIR will be offered again in 2023, building on the success of the
2022 project in the hopes of expanding the GIR to other Canadian National Parks
in the future. The GIR initiative is delivered by the Canadian Federation of Earth
Sciences (CFES) in partnership with Parks Canada with funding from the Associa-
tion of Professional Geoscientists of Ontario Education Foundation.
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SOME COMMENTS ON THE CURRENT AND PAST CORDILLERA HOT
BACKARC

Roy D. Hyndman
Geological Survey of Canada.
E-mail: royhyndman@sham.ca

Northwest Canada and Alaska are the continuation of the North American
Cordillera through Mexico, western USA and western Canada. Here it is shown that
they have similar thermal regimes and thermal control of current tectonics, seismic-
ity, and recent volcanism. A summary of the multiple constraints to crust and upper
mantle temperatures are presented followed by some consequences. There are
bimodal crust and upper mantle temperatures characteristic of most subduction
zones; cool forearc, uniformly hot backarc (Yukon Composite Terrane to Southern
Brooks Range, and Mackenzie Mountains), and stable cratonic backstops (Arctic
Alaska Terrane and Canadian Shield). The main constraints are: (1) Heat flow meas-
urements; (2) Temperature dependent upper mantle velocities and seismic attenua-
tion; (3) Temperature-dependent topographic elevations; thermal isostasy; (4) Depth
and temperature of the seismic lithosphere-asthenosphere boundary (LAB); (5) Ori-
gin temperature and depth of craton kimberlite xenoliths; (6) Geochemically
inferred source temperature and depth of recent volcanic rocks; (7) Depth to the
magnetic Curie temperature; and (8) Depth extent of seismicity. The backarc litho-
sphere is thin, LAB at 50-85 km and ~1350 £ 25°C. Moho temperatures at 35 km
are 850 £ 100°C compared to cool cratonic areas of 400-500°C. The consequences
include: (1) Thin and weak backarc lithosphere that accommodates pervasive tecton-
ic deformation indicated by wide-spread seismicity and GPS-defined motions, in
contrast to the stable cratonic regions; (2) Widespread sporadic volcanism; and (3)
Weak backarc lower crust that flattens the Moho and allows detachment and thrust-
ing of the upper crust over the cold strong Arctic Alaska Terrane and Canadian

Shield.

UNDERSTANDING THE GRENVILLE OROGENY THROUGH MODERN
ANALOGUES

Roy D. Hyndman
Geological Survey of Canada.
E-mail: royhyndman@shaw.ca

Much can be understood of the two main phases of the Grenville orogeny, the ~100
M.y. of tectonic activity with sporadic volcanism, metamorphism and ductile defor-
mation, and the final terminal collisional phase, by comparison with several ana-
logues: (1) the currently tectonically active North American Cordillera; (2) the thick
crust high Andes of South America; and (3) the current India-Asia collision.
Throughout the Cordillera, Mexico to Alaska, there has been a long history of spo-
radic volcanism of asthenosphete origin. Most of the Cordillera is in present and
recent compression (except Basin and Range) so the volcanism is not associated
with extension. A thin hot lithosphere however is required. The Cordillera and most
global backarcs 200—1000 km wide have current remarkably uniformly high temper-
atures in the crust and upper mantle, 800-850°C at the Moho. The first consequence
is that the crust is weak enough to have ongoing deformation driven by plate margin
forces. The second is a lower crust ductile detachment that allows the upper crust
of the backarc hinterland to overthrust the adjacent cold strong craton. The third
consequence is that the current crustal temperatures represent Barrovian P—T meta-
morphic gradients. Regional metamorphism therefore represents exhumation of
already hot crust, not deformation-related heating. The high thick crust Andes (Alti-
plano-Puna) are not a consequence of terrane collision, but rather of an infrequent
unusually strong subduction thrust and perhaps underplating. The high Andes are
gravitationally unstable, the weak crust collapsing mainly to the east and also laterally
N-S to lower elevations, resulting in an upper crust extensional regime in a regionally
compressive environment. This upper crust process makes determining the regional
paleo-stress regime in the Grenville difficult. The India-Asia collision provides a
good analogue to the terminal collision of the Grenville Province. It is important to
recognize that one side of the closing ocean in both the Grenville and Asia collisions
was a hot and weak backarc margin (Tibet) and the other likely a cold rifted margin
(India). Most deformation occurred on the hot backarc side, including thickening of
mainly the lower crust. Structurally, the upper crust of the former backarc has thrust
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a considerable distance on a lower crust ductile detachment over the strong stable
India lithosphere. There also has been resulting thrusting on the margin of the dis-
tant foreland in both cases.

SOCIAL MEDIA BEST PRACTICES FOR EARTH AND SCIENCE
COMMUNICATORS

Melany Hysert
Society of Applied Geoscientists and Engineers, Inc.
E-mail: melanyhyser{@gmail.com

Science communicators are embracing social media channels like never before with
clever memes and engaging videos designed to educate and engage the masses. The
‘science” hashtag, #science, currently has 57.5 billion views on TikTok (as measured
directly from the TikTok app, January 2023), where the keyword ‘science’ is an inter-
est selection under the heading of ‘Science & Technology’ for account preference
set-up. The term edutainment best coins this new era of entertaining and informa-
tive two-way communication that reaches interested audiences of all ages typically
through hand-held devices. There are highly advanced techniques behind engineer-
ing popular science content on social media, but finding specific best practice guide-
lines can be challenging, as this is still a burgeoning field of research. Social media
science communication is a complex area of study that crosses many disciplines
from digital media to crisis management. It requires a strong understanding of data
science, social behaviour, machine learning algorithms, and analytical tools to deci-
pher the simultaneous organic and inorganic nature of social media. This talk focus-
es on best practices that were compiled from industry professionals and recent peer-
reviewed articles for graduate research at Royal Roads University, entitled “Science
Museums in Canada: Facebook Trends and Strategies During the Covid-19 Pandem-
ic” by Hysert in 2022. While Facebook was the main focus of this study, best prac-
tices for multiple social media channels will be discussed using examples from pop-
ular earth science influencers.

THE GRENVILLE PROVINCE: WHAT MAKES IT SPECIAL

Aphrodite Indares
Memorial University of Newfoundland.
E-mail: aindares@mnn.ca

Understanding the Grenvillian orogeny is key to assessing both changes in orogenic
styles through time and late Mesoproterozoic geodynamics. This contribution sum-
marizes some main characteristics of the Grenville Province, with focus on
new/additional aspects to consider. (1) It has been generally inferred that the major-
ity of the pre-Grenvillian crust was formed in an active margin setting, and was part
of Laurentia before the Ottawan phase (1.09—1.02 Ga) of the Grenvillian orogeny.
The youngest feature supporting this is the location of large 1.1 Ga anorthosite
suites along older, inherited lithospheric discontinuities of the Laurentian margin. At
the broader scale, the connection to Laurentia comes out in the recent reassessments
of the Mesoproterozoic Laurentian margin, from eastern Canada to the southwest
US. (2) The Grenville Province is classified as a large hot orogen based on wide-
spread, long-lived, Ottawan-age granulite-facies metamorphism and anatexis in the
middle to lower crust exposed in the orogenic hinterland. In addition, the NNW
margin of the Grenville Province was deformed and metamorphosed later (Rigolet
phase, 1.0-0.98 Ga). This overall configuration was attributed to the presence of an
Ottawan orogenic plateau in the hinterland, followed by collapse and later propaga-
tion of the orogen to the NW during the Rigolet phase. A double crustal thickness
under the plateau was inferred by the presence of high-P granulites and eclogites
locally exposed at the frontal part of the Ottawan orogen, as for instance in the cen-
tral Grenville. However, it now emerges that these reflect local crustal thickening,
from late-Ottawan to Rigolet, against an Archean ramp. Therefore, there is no indi-
cation of double thickened crust at the orogen scale, which is consistent with inde-
pendent evidence for thin orogenic crust in late Mesoproterozoic. In addition, the
relation between the Ottawan and Rigolet phases remains contentious. (3) The hin-
terland is also characterized by high-T syn- to late-orogenic magmatism, mainly
expressed by locally voluminous A-type granitoid rocks and small anorthosite bodies
that are concentrated in certain parts of the orogen. In the central Grenville, crys-
tallization ages cover the entire range of the orogeny, with the largest granitoid rocks
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and the small anorthosites being spatially associated with the large 1.1. Ga
anorthosite intrusions. The distribution and types of syn-to late-orogenic magma-
tism outlines lateral variations of the pre-Grenvillian crust and attest to locally
enhanced influence of mantle heat over the entire time span of the orogeny, a fea-
ture that remains to be reconciled with the continental collision model for the
Grenville.

DECODING THE TIMING OF POLYPHASE METAMORPHISM IN THE
MAURICIE REGION, CENTRAL GRENVILLE PROVINCE, QUEBEC

Muhammad Zahoor Igbal, Renaud Soucy La Roche
Institut national de la recherche scientifique.
E-mail: mubammad_zahoor.igbal@inrs.ca

The Grenville Province in North America is composed of high-grade metamorphic
rocks that record evidence of protracted crustal growth, pre-Grenvillian accre-
tionary episodes between ca. 1665 and 1140 Ma, and the final continent-continent
Grenvillian collision at ca. 1090-980 Ma that marked the assembly of the supercon-
tinent Rodinia. The Mauricie-Portneuf area exposes several lithotectonic domains
metamorphosed and deformed at different structural levels and subsequently juxta-
posed tectonically during the Ottawan phase of the Grenvillian orogeny. The vari-
able Ottawan overprint provides the opportunity to better characterize pre-Grenvil-
lian accretionary events. From structurally lowest to highest, the Mékinac—Taureau,
Shawinigan, and Portneuf-St. Maurice domains collectively record limited
geochronological evidence for metamorphism during the ca. 1390 Ma accretion of
the Montauban arc to the southeast Laurentian margin, the ca. 1190-1140 Ma Shaw-
inigan progeny, and the ca. 1090-1020 Ma Ottawan orogeny. However, the spatial
extent and metamorphic grade during each of these events is poorly constrained.
Understanding the timing and metamorphic conditions of the pre-Grenvillian accre-
tions and the final collision is therefore crucial to decipher the crustal assembly of
the central Grenville Province. The peak metamorphic mineral assemblage in para-
gneiss from the Mékinac—Taureau and Shawinigan domains contains garnet, biotite,
prismatic sillimanite, and K-feldspar, indicative of upper amphibolite to granulite
facies conditions. Garnet in the Shawinigan domain is characterized by inclusion-
rich cores and inclusion-poor rims separated by sharp euhedral to subhedral bound-
aries, which may indicate polyphase garnet growth during two distinct metamorphic
events. In contrast, the mineral assemblage in paragneiss from the Portneuf-St. Mau-
rice domain is characterized by garnet, biotite, muscovite, cordierite, and sillimanite,
which indicate lower temperature and pressure conditions. In-situ laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) petrochronology on
monazite will be used to constrain the timing of metamorphic events. The textural
setting of monazite will be used to determine the timing of growth of metamorphic
index minerals; inclusions of monazite in garnet and cordierite are expected to pro-
vide a maximum age constraint on porphyroblast crystallization. The trace element
contents of monazite will be measured concurrently with isotopic ratios and utilized
to establish a relationship between monazite growth and metamorphic reactions that
release or sequester Y and REE. The new results on the timing of metamorphic
episodes will provide robust constraints on the Mesoproterozoic tectonometamor-
phic evolution of the Mauticie region in the central Grenville Province, Québec.

JUSTICE-ORIENTED SCIENCE COMMUNICATION FOR INUIT SELF
ADVOCACY RELATED TO MINING WATER TREATMENT

Cana Uluak Itchuaqiayq
Virginia Tech.
E-mail: cana@ut.edn

Calls for social justice in scientific practices that support empowerment of margin-
alized scholars and open the sciences to broader communities are on the rise. How-
ever, addressing how fields like the geosciences can communicate science back to
marginalized communities—especially communities affected by activities like min-
ing—in ways that are equitable and promote that same empowerment and self-advo-
cacy needs similar attention. I am an Inuit technical and scientific scholar from the
Arctic who teaches service-learning science communication classes that serve my
tribe in NW Alaska
world. Creating science communication related to mining that is designed for Inuit

home to Red Dog Mine, the second-largest zinc mine in the

http://www.geosciencecanada.ca

GAC-MAC-SGA 2023 Sudbury Meeting: Abstracts, Volume 46

rightsholders and land stewards, such as culturally relevant, scientific communication
related to mining and water treatment on tribal land, requires reconciling the privi-
lege associated with technical terminology and the effects of long-term and contin-
uing disparities associated with access to STEM education. Because mining affects
our water and our subsistence activities, and therefore our cultural integrity and food
security, the need for tribal members to understand complex scientific concepts—
like acid rock drainage, issues related to melting permafrost and water balance, and
environmentally friendly, yet costly, water treatment options—to successfully self-
advocate and enact their Indigenous sovereignty is crucial. This talk will discuss the
lesson learned from teaching undergraduate and graduate students at Virginia Tech
to translate science in culturally relevant and rigorous ways that help Inuit tribal
members to better self-advocate with regards to resource development activities on
tribal lands related to mining. Audience members will gain an understanding of the
opportunities and constraints related to effective and equitable communication with
local communities about mining issues. Further, I will discuss the need to recognize
and shift western cultural paradigms to meet Inuit realities (e.g. the way a tribally run
mine works vs western business models, the utmost importance of subsistence
activities in rural Alaska, the ties of Inuit to the land and one another) in order to
effectively translate the science in ways that are needed, relevant, and respectful to
tribal members.

THE IMPACT-GENERATED HYDROTHERMAL SYSTEM AT THE WEST
CLEARWATER LAKE IMPACT STRUCTURE, QUEBEC

Juan P. Jaimes Bermudez, Gordon R. Osinski, Roberta L. Flemming
Western University.
E-mail: jjaimesb@umwo.ca

Hypervelocity impacts fracture target rocks and increase the subsurface tempera-
tures of a region mainly via impact melted material. When liquid water or ice is pres-
ent, transient impact-generated hydrothermal systems may develop. On Earth,
impact-generated hydrothermal systems have been reported in 70 out of the 188 ter-
restrial hypervelocity impact craters and have also been proposed to occur in other
planetary bodies. These systems have gained substantial interest as the conditions
(fluid source, temperature, pressure, salinity, pH, and /O,) under which these systems
form and develop provide insight into planetary habitability and paleoclimates on
other planetary bodies, in particular on Mars. Moreover, the origin of hydrated min-
erals observed on the surface of Mars is also highly debated and it has been pro-
posed that impact events have a role in leading to the formation of some of these
occurrences through solid-state devitrification of hydrous glasses and/or impact-
generated hydrothermal alteration. This study presents a case study of impact-gen-
erated hydrothermal alteration at the West Clearwater Lake impact structure in Que-
bec. Specifically, the crater-fill impact melt rocks were investigated through optical
microscopy, electron microprobe analysis (EPMA), micro X-ray diffraction (uXRD),
and Raman spectroscopy. These analyses indicate that hematite, talc, and quartz are
the main alteration minerals. Hematite occurs as replacement of titanomagnetite
(Type 1), as pervasive acicular crystals (Type 2), within amygdules (Type 3), and in
association with goethite and quartz as colloform bands in veins (Type 4). Quartz
occurs within amygdules in association with Type 3 hematite and talc, and as vugs.
Talc and a saponite-like clay occur around these quartz vugs as reaction rims and
within amygdules. These mineral associations indicate a changing fluid composition
and progressive cooling within this system. The results from this study provide
insight into the origin of minerals that indicate the presence of water on Mars and

how impact structures can record these processes.

INVESTIGATING MULTIPLE METALLOGENIC EPISODES AT THE
PROTEROZOIC TOROPARU Au-Cu(-Ag) DEPOSIT SETTING, GUYANA,
SOUTH AMERICA

Tramaine James!, Stéphane Perrouty!, Daniel Kontak!, Michael Tedeschi!,
Philip Lypaczewski!, Robert Creaser?
Laurentian University, 2University of Alberta.
E-mail: fanmes1@laurentian.ca

The Paleoproterozoic Toroparu Au-Cu(-Ag) system, located within the Mazaruni
greenstone belt of the Guiana Shield, Guyana, South America, consists of two main
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deposits - a magmatic-hydrothermal at Toroparu and orogenic at Sona Hill. The ore
is hosted in Rhyacian-age mafic to intermediate volcanic, volcaniclastic and intrusive
host rocks metamorphosed to greenschist facies assemblages and lie on a regional
NW-trending, sub-vertical high-strained zone with a protracted deformation history.
Two stages of Au mineralization are identified. The first, present only at Toroparu,
has an assemblage of gold, chalcopyrite, bornite, pyrite 11, covellite, molybdenite,
and magnetite hosted within NW-trending extensional quartz carbonate £ chlorite
(QCBCHL) veins, veinlets and fractures associated with dextral strike-slip move-
ment. Ore-stage molybdenite yielded a Re—Os age of ~2160 Ma which overlaps with
a ~2160 Ma U-Pb zircon age for the host intrusion which is a fine- to medium-
grained porphyritic tonalite-granodiorite. The second ore stage, dominantly at Sona
Hill but also as an overprint at Toroparu, contains pyrite I1I + gold within SW-trend-
ing and subhorizontal quartz carbonate (QZCB) veins. Hyperspectral imaging in
shortwave infrared (SWIR, 1000-2500 nm) indicates that metamorphic chlorite
(background) within the project area has absorption bands between 2255 and 2252
nm (Mg# 42-47). In contrast, proximal Au-Cu(-Ag) mineralization zones have chlo-
rite that is Mg rich (Mg# > 90, < 2245 nm); white mica has absorption bands
between 2205-2215 nm. Proximal mineralization zones related to the second min-
eralization event has complete chlorite destruction along vein halos, with absorp-
tions bands between 2195 to 2200 nm for the new white mica. Fluid inclusion stud-
ies indicate two different fluid types in QCBCHL and QZCB veins. The former
hosts secondary two-phase aqueous types Li1,0-Vin0) with Th = 100 to 160°C and
moderate- to low-salinities (22.0 to 0 wt.% equiv. NaCl). In contrast, the latter hosts
secondary and indeterminate CO,-rich, low-density, aqueous-carbonic types with
XCO, = 0.35 to 0.5, TmCO, = —56.2°C, and Th = 300 to 320°C with low-salinities
(2 to 5 wt.% equiv. NaCl). The Toroparu deposit setting has two stages of mineral-
ization. Whereas most of the base metals and Ag are syn-magmatic at ~2160 Ma,
Au is both syn-magmatic but possibly as young as ~2080 Ma due to later orogenesis
as is noted elsewhere in the Guiana Shield. The Las Cristinas Au-Cu deposit (32
Moz) in Venezuela is hosted in a similar geological setting, which emphasizes the
potential for discoveries of magmatic-hydrothermal Au-Cu systems elsewhere in the
Guiana Shield.

MINERALOGICAL CONTROLS ON THE MOBILITY OF CRITICAL
MINERALS IN MINE WASTE

Heather Jamieson!, Adriana Taylor!, Colin Lussier-Purdy!, Anna Harrison2,
Matthew Leybourne!, Melissa Turcotte!, Michael Parsons3, Brent Kazamel!,
Anezka Borcinova Radkoval, Hendrik Falck4, Gideon Lambiv Dzemua#
1Queen’s University, 2University of Bern, 3Geological Survey of Canada,
4Government of the Northwest Territories.

E-mail: jamieson@queensu.ca

Growing global demand for products that contain critical minerals is expected to
lead to an increase in mine waste that contains these elements. Very little is known
about the environmental mobility of many critical elements, particularly how they
are leached from primary host minerals, mobilized under different conditions of pH
and redox, and potentially sequestered in secondary phases. This presentation will
focus on field-based studies of the environmental mobility of rare earth clements
(REE), cobalt, antimony, and tungsten, based on ore deposits in Canada. REE car-
bonate ore minerals in pilot plant tailings from the T-zone of the Nechalacho
deposit, NWT, are reactive, especially at low pH, and can contribute neutralizing
capacity. Secondary REE-bearing fluoride minerals may influence mobility. The
release of REE from Basal zone Nechalacho tailings is enhanced by the presence of
ligands and colloid-forming iron oxyhydroxide and dissolved organic carbon. The
cobalt in silver mine tailings from Cobalt, ON is hosted in primary sulphide,
arsenide, and silicate minerals, processing products and secondary minerals. Shake
flask tests showed that cobalt is released readily from interaction of mine waste with
oxidized water, likely due to the oxidation of fine-grained reduced phases and solu-
ble secondary minerals. Chlorite is a major host of cobalt in these tailings, compli-
cating potential reprocessing of mine waste. The mobility of antimony in mine
waste from Beaver Brook mine, NL, is highly dependent on which secondary min-
erals are stable. Tripuhyite (FeSbO,) is relatively insoluble, whereas brandholzite
((Mg[Sb(OH)]2¢6(H,0) may be an ephemeral secondary host. Our research at Can-
tung mine, NWT, has shown that scheelite (CaWO,), the major ore mineral of tung-
sten, is stable after more than 50 years of exposure to acid drainage. Low concen-
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trations of tungsten are mobile in pH-neutral surface water as dissolved species and
adsorbed to colloidal iron oxyhydroxide phases. Our emerging understanding of the
geochemical behaviour of critical minerals in the near-surface environment is impor-
tant for guiding waste management decisions at existing and new mines. However,
there are few guidelines for the maximum concentration of these elements in water,
soil or sediment - how much is too much? To resolve this, we need toxicological data
that are relevant to the mine waste environment to combine with geochemical data
and modeling results to help inform the environmentally responsible production of
critical minerals.

USING MICRO-XRF TO IMAGE SMALL FEATURES IN LARGE ROCKS
FROM THE STILLWATER COMPLEX, MONTANA, USA

M. Christopher Jenkins!, Stephen J. Barnes?, Michael L. Zientek!
United States Geological Survey, 2CSIRO.
E-mail: mgenkins@usgs.gov

Cumulates from layered mafic-ultramafic intrusions like the Stillwater Complex may
have crystal sizes ranging from millimetres up to tens of centimetres. Petrographic
analyses of these potentially very coarse-grained rocks have largely been limited to
observations made at the outcrop and hand sample scale or by microscopic investi-
gation of polished thin sections by transmitted light microscopy or microbeam tech-
niques (e.g. SEM-EDS, microprobe, electron backscatter diffraction). The cm-scale
size of a standard polished thin section (4.6 cm X 2.7 cm) has limited analysis to
fine-scale observations of small portions of these rocks. In some cases, a single
poikilitic or pegmatoidal crystal may be larger than the thin section preventing col-
lection of information like chemical zoning in very large crystals. Recent advances
in micro-XRF technology such as the Maia Mapper at CSIRO (Australia) have
allowed characterization of polished rocks slabs of rock, up to 50 cm X 15 cm in
size and up to 10 kg in weight, to show rock fabric and provide qualitative geochem-
istry at 10s of microns scale. In Stillwater rocks, micro-XRF has been used to doc-
ument oscillatory zoning in coarse-grained to pegmatoidal rocks and the spatial dis-
tribution of Pt-bearing minerals. These previously hidden features can be used to
constrain petrogenetic models for the origin of mafic-ultramafic rocks and their ore
deposits. In this contribution we show how micro-XRF has been used to image
rocks from the B and G chromitites from the Peridotite Zone and the basal contact
of the J-M Reef package in the Lower Banded series of the Stillwater Complex.

DEMOGRAPHICS OF CANADIAN ACADEMIC GEOSCIENCE: RESULTS
FROM A SURVEY OF THE GREAT WHITE NORTH

Scott Jess!, Lindsay Schoenbohm?, Emily Heer?
"University of Toronto Mississauga, 2University of Calgary.
E-mail: scott, jess@utoronto.ca

Geoscience is currently experiencing a wave of studies aiming to improve our under-
standing of the demographics represented in the field and barriers that exist for
those within. This body of work suggests progress in racial and gender diversity has
remained stagnant at all levels of higher education and that the geosciences may
have lower racial and ethnic diversity than other physical sciences programs. These
works have been important for understanding how the field has evolved and what
improvements can be made to create a more inclusive space. Despite this recent
influx of studies, publicly available demographic data for academic geosciences do
not exist in Canada. Hence, much of our understanding of the demogtaphics of the
field and the barriers researchers face is driven by data from the USA, where under-
lying social issues and demographic makeup are different. This lack of data makes it
difficult for departmental EDI committees in Canada to be informed about their
workplace and what actions could be taken to improve these spaces regarding inclu-
sion. The purpose of this work is to understand the demographics of academic geo-
science in Canada, helping to identify what communities are underrepresented. We
disseminated a self-administered online questionnaire to academic geoscience
departments between September and December 2022. The survey consisted of 24-
questions coveting a range of demographic information including age, gender,
Indigenous identity, sexual orientation, racial identity, disability, and current research
position. We received 482 eligible responses to the survey, accounting for approxi-
mately 20% of the research population. Overall, men make up a slight majority

https://doi.otg/10.12789/geocan;.2023.50.200



162

across all respondents (53%), and the percentage of individuals who identify as
white (73%) is greater than the national average (67%). Results also show differences
in gender representation between research students (MSc and PhD) and salaried
positions (postdoc, research staff and faculty), with women dominant in the former
(56%) and men in the latter (67%). Similar contrasts also appear in racial data, where
the percentage of individuals who identify solely as white in salaried positions (79%)
is above the national average (67%), while the percentage of white research students
is similar to the national average (66%). Additional trends outside of these categories
are also present in the data set but cannot be summarized in full here. These initial
results highlight the disparities in gender and racial representation in Canadian aca-
demic geoscience and begin to shed light on priority areas that may improve diversity
at all levels of research.

ASSEMBLY OF THE VARISCAN OROGENIC WEDGE: THE P-T-t
RECORD OF THE METASEDIMENTARY ROCKS OF ERZGEBIRGE
(SAXOTHURINGIAN DOMAIN, BOHEMIAN MASSIF)

Marine Jouvent'2, Ondrej Lexa2, Vit Pefesty?, Petr Jefabek?,
Stéphane Scaillet’4, Andrew Kylander-Clarks
"Université Laval, 2Charles University, 3Institut des Sciences de la Terre d’Otléans,
“Université d’Orléans, SUniversity of California.
E-mail: marinejonvent1@gmail.com

The formation of collisional orogenic wedges involves complex polyphase deforma-
tion and metamorphism. This study reveals the tectonic evolution, internal architec-
ture and timing of the Variscan Saxothuringian orogenic wedge evolution through
the study of metasedimentary rocks of Erzgebirge (Bohemian Massif). Using field
structural geology, petrology, thermodynamic modelling and geochronology, we
constrained the P-T conditions and timing of four deformation events (D,-D,).
Several transects from the low-grade hanging wall phyllites to the footwall medium-
grade mica schists were investigated. The first M;—D,; event is characterized by HP—
LT minerals defining the S, foliation with P-T conditions from 13 kbar and 520°C
in phyllites to 25 kbat and 560°C in mica schists, suggesting a geothermal gradient
of 6-11°C/km, typical for subduction environments. The M,~D, event is the defor-
mation and metamorphic overprint of S, fabric during partial decompression. The
M;-D; event is mainly developed in mica schists and intensifies towards the foot-
wall. It is accompanied by a subhorizontal S; cleavage with MP-MT assemblage and
P-T conditions of 5-9 kbar and 595°C, representing a Barrovian-type geothermal
gradient of 17-30°C/km. Finally, all metamorphic fabrics were heterogeneously
affected by the low-grade M,—D, upright folding. In order to link the ages with indi-
vidual tectonometamorphic events, in-situ monazite U-Pb geochronology with
LASS-ICP-MS,; rare-earth-clements geochemistry and mica “°Ar/3Ar geochronolo-
gy were performed. The ages revealed that the phyllites experienced prograde meta-
morphism around 350 Ma followed by exhumation at 345-340 Ma. The prograde
HP-LT evolution in mica schists is at least 339 Ma old and suggests that the mica
schists possibly entered the wedge slightly later than the phyllites. A following ductile
thinning associated with the M;—D; event was dated at 338-330 Ma. The monazite
ages in mica schists and few “0Ar/39Ar ages in the deepest phyllites show that the
region is then strongly affected by an event at ~330 Ma, interpreted as a lower-grade
overprint during final exhumation or possible younger reactivation. This study high-
lights the tectonic evolution marked by transition from accretion of the subducted
continental material to building of the Saxothuringian orogenic wedge from ~360
to ~340 Ma. This process is manifested by thickening and partial exhumation within
the wedge accompanied by ductile thinning in upper crustal levels. Finally, the late
Variscan intracontinental deformation was responsible for orthogonal shortening,
heterogeneous reactivation and final exhumation at 330 Ma. We suggest that the
Saxothuringian wedge could be divided into a younger inner part (mica schists and
UHP rocks), and an older outer part (phyllites), both showing distinct metamorphic

and structural evolution.
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BYPRODUCT CRITICAL METALS - HOW CAN WE UNLOCK THE
POTENTIAL?

Simon Jowitt
University of Nevada Las Vegas.
E-mail: simon.jowith@uniy.edn

Critical metals and minerals are fundamental for modern society and standards of
living, have crucial strategic and defence value, and are vital for climate change mit-
igation given their fundamentally important roles in low CO, energy generations,
storage, and transport. All these factors mean that we are currently undergoing a
rapid increase in demand for these metals, a significant proportion of which are
sourced as byproducts of the production of other base and precious metals.
Improving the security of supply of these byproduct critical metals and minerals on
both domestic and global basis requires significant improvements in our understand-
ing of the processes that concentrate these elements within different mineralizing
systems, the behaviour of these elements and their hosting minerals during mineral
processing and metallurgy, and improved policy development to ensure that domes-
tic and “friendly’ supply chains can be both developed and realized. Understanding
material flows and where concentrates and other mined material go once they leave
the mine gate is also key given the majority of these critical byproduct metals and
minerals are extracted at smelters and refineries (providing the smelter or refinery
destination can produce the byproduct in question). Increased production of
byproduct critical metals and minerals can also provide value for mining companies,
including environmental and sustainability value by making the most of existing
mineral deposits. This production could also yield economic value given the increas-
ing demand (and price) of some byproduct critical metals and minerals combined
with the significant amount of byproduct critical metals and minerals that are
already mobilized during active mining but are lost to waste rather than being pro-
duced. These commodities also have strategic value for mining companies given
recent governmental policymaking that could yield tax breaks and permitting advan-
tages, among other benefits, for mines that can demonstrate they produce critical
metals and minerals. This presentation will provide an overview of the byproduct
critical metal and mineral potential of key mineralizing systems, examine the critical
metal potential of existing mining and metal supply chains, and outline methods to
identify high priority deposits for byproduct critical metal and mineral extraction
using upstream-down (i.e. mineral deposit focused) and downstream-up (i.e. smelter
and refinery focused) approaches. All these data provide key insights into important
areas of future research relating to these critical byproducts as well as providing
insights into how we can better extract byproduct critical metals and minerals into
the future.

THE TIME THAT SIR WILLIAM LOGAN NEVER HAD: A BRIEF
HISTORY OF THE JACK SATTERLY GEOCHRONOLOGY LABORATORY

Sandra L. Kamo
University of Toronto.
Email: skamo@es.utoronoto.ca

When Sir William Edmund Logan (1798-1875) mapped Precambrian rocks of the
“Laurentian System” in Ontario and Quebec in the mid-1800s he did not have the
benefit of radio-isotopic dates to help guide his geologic interpretations. It was after
his death that Henri Becquerel in 1896 discovered radioactivity, and Marie and Pierre
Curie in 1898 described it, sharing the Nobel prize in physics in 1903 for their col-
lective discovery. Rutherford and Soddy (1902) while at McGill University deter-
mined that radioactivity resulted from the transmutation of unstable parent isotopes
into stable daughter isotopes. With this information they determined the law of
radioactivity. From that point onwards it was recognized that long-lived radio-iso-
topes could be used to quantify geologic time. The ensuing 70 years saw key inno-
vations in dating methods and applications, largely linked to the development of
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quantitative mass spectrometry. Details of these advances and discoveries can be
found in Davis et al. (2003, Reviews in Mineralogy and Geochemistry). The birth of
modern U-Pb geochronology in the 1970s was initiated by a dynamic group at the
Carnegie Institution of Washington that included Tom Krogh, Gordon Davis, Jim
Mattinson, George Wetherill, and Tom Aldrich among others. Shortly after Krogh’s
(1973, Geochimica et Cosmochimica Acta) seminal “zircon hydrothermal decompo-
sition” method, which simplified procedures and allowed a thousand-fold reduction
in sample size, Tom was invited to his native Canada in 1975 to build a state-of-the-
art U-Pb geochronology laboratory at the Royal Ontario Museum (ROM). Here,
unsurpassed technical advances were achieved, advancing research into Archean
greenstone belt construction, the formation of deep crustal gneisses, and meteorite
impacts. After a successful 26-years, the ROM lab was rebuilt at the University of
Toronto in 2003, where several in the original group as well as younger researchers
continue to make important discoveries today. U-Pb geochronology on zircon is
one of the few methods by which it is possible to probe deep into Earth’s history
to obtain robust, absolute knowledge about the development of the crust and man-
tle, as well as the pace and timing of biological evolution. A key driver in our lab is
the quest for improved age results with the knowledge that the more precisely and
accurately we can determine the ages of rocks, the closer it brings us to fundamental
discovery. Better precision and accuracy have been achieved through reduced Pb
background levels, improved spikes, and more efficient Pb ionization. The advent of
Jim Mattinson’s (2005, Chemical Geology) chemical abrasion pretreatment of zit-
con, which removes internally disturbed portions of zircon grains, is perhaps the
single greatest analytical improvement since Krogh’s air abrasion procedure 23 years
carlier. These advances have proven to be effective in refining our data and have led
to on-going development of precise methods applied to ever smaller sub-microgram
sample sizes. U-Pb geochronology integrated with geology, geochemistry, and geo-
physics has played a pivotal role in understanding Earth history. U-Pb isotope dilu-
tion dates on chemically abraded zircon have helped us correlate major extinction
events with the formation of large igneous provinces and meteorite impacts and
informed us on how life adapted to severe environmental crises. Current work doc-
umenting short timescales, such as within a single magmatic system, has allowed us
to challenge conventional theories of igneous processes. High precision dates used
in paleo-continental reconstructions can help us locate prospective mineral deposit
targets on formerly adjacent cratons. U-Pb isotopes can now be more rapidly ana-
lyzed using a number of microbeam methods, applied to more accessory minerals,
and integrated with trace element and other isotopic information. The wealth of
data that have resulted and the expansion of knowledge about the Earth would have
astounded Logan but would not have been possible without fundamental programs
of field mapping that Logan initiated.

INFLUENCE OF PRE-EXISTING STRUCTURES AND MAGMATISM IN
RIFTING AND BREAKUP: A CASE STUDY FROM THE NOTRE DAME
BAY MAGMATIC PROVINCE, NEWFOUNDLAND, CANADA

Emma Keefe, Alexander L. Peace
McMaster University.
E-mail: &eefeej@memaster.ca

Pre-existing lithospheric structures play a significant role in continental rifting and
subsequent breakup. However, the mechanisms in which these structures may reac-
tivate and influence rift-related processes, such as faulting and magmatism, are poor-
ly understood. This research focuses on the relationship between pre-existing struc-
tures and rift-related magmatism and the role this interaction played in the Mesozoic
rifting and subsequent breakup on the magma-poor Newfoundland margin. The
Newfoundland margin formed following rifting between Newfoundland and Ire-
land, plus Iberia, in two main phases. The first phase occurred in the Late Triassic—
Early Jurassic, extension was distributed over a wide area, and crustal thinning was
relatively small. After a period of thermal subsidence, a second phase of extension
in the Late Jurassic through Fatly Cretaceous resulted in the breakup of Newfound-
land from Iberia. Despite being classified as magma-poor, Mesozoic igneous rocks
contemporaneous with rifting have been documented on and offshore of New-
foundland. However, the relationship between rift-related magmatism and faulting
on the Newfoundland margin is also pootly understood. To address this, the rela-
tionship between magmatism and faulting on the Newfoundland margin was ana-
lyzed by focusing on the interactions between pre-rift structures, faults and lampro-
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phyre dykes, exposed near Leading Tickles in Notre Dame Bay in northern-central
Newfoundland. The lamprophyre dykes are part of the previously reported Meso-
zoic Notre Dame Bay Magmatic Province which also includes several gabbroic
intrusions, including the Budgell Harbour Stock and Dildo Pond Intrusion. The
dataset includes ~180 field-based structural measurements of dykes, and host rock
structures along either side of a fault zone, petrographic analysis of dyke thin sec-
tions, and a 3-D model of the measured outcrops. These data were plotted and ana-
lyzed using MOVETM, a structural geology modelling software. Structural analysis
indicates that emplacement of the dykes was likely controlled by pre-existing geo-
logical structures and that the dykes show evidence of being deformed post-intru-
sion, potentially via the reactivation of pre-rift faults. Overall, this work contributes
towards a growing body of work showing that even on magma-poor margins, the
role of magmatism should not be dismissed as an important factor in the develop-
ment of continental rifting and breakup.

THE GIANTS OF GEORGIAN BAY: GEOHERITAGE OF AN ASPIRING
UNESCO GEOPARK

Kirsten Kennedy, Nicholas Eyles
University of Toronto Scarborough.
E-mail: &irsten. kennedy@mail.utoronto.ca

Lying astride the Great Unconformity with ice-scoured metamorphosed Canadian
Shield rocks to the north, and shallowly dipping Paleozoic sedimentary strata to the
south, the contrasting coasts of Georgian Bay have helped shaped Canadian geo-
science for 180 years and are the part of the rich geoheritage celebrated by the newly
founded Georgian Bay aspiring UNESCO Geopark. The oldest rocks on the bay are
strata of the 2.4 billion year old Huronian Supergroup. They were first described in
the pioneering Geological Survey of Canada reports of Alexander Murray and
William Logan, who used them to subdivide the “Azoic” (Precambrian). Later recog-
nition of climatic cycles and glacial events within the Huronian Supergroup cement-
ed its significance as the most important Paleoproterozoic succession in the world.
Work in Killarney and the 30,000 Islands by WH Collins and others, tracing the pro-
gressive deformation and disappearance of the Huronian in favour of Grenvillian
gneiss and migmatite, established the importance of crustal mobility and transfor-
mation of preexisting rocks during metamorphism. As plate-tectonic theory gained
acceptance through the 1960s and 1970s, the Grenville orogeny was understood to
result from continental collisions at the end of a Wilson Cycle, so named for J. Tuzo
Wilson who had a cottage on the bay and was much influenced by the complex geo-
logical mosaic exposed on its shores. Seminal advances by academics working out of
institutions like the University of Toronto, Memorial University, and Dalhousie Uni-
versity in the fields of radiometric dating, deep crustal geophysics, and petrology
helped to establish the Grenville orogeny as an ancient analog to the Himalayas.
With thousands of glacially polished and wave-washed islands, there can be no bet-
ter place to walk over the deep roots of a mountain belt. In stark contrast, the Niag-
ara Escarpment of tough Silurian dolostone stands proud on the southern shore of
Georgian Bay. The swelling of the Escarpment out of the Main Channel of Geor-
gian Bay, to reach a maximum elevation towards the Algonquin Arch. is a reflection
of the crustal dynamics of the Michigan Basin. The study of the unusually diverse
biotic communities that arose along thinly mantled limestone plains, ending at sheer
cliffs above lush sediment-filled valleys, has served as an excellent example of the
value of interdisciplinary geo-biological research that underpins ongoing conserva-
tion efforts. This rich geological legacy, spanning diverse fields and eras, is globally
significant and is foundational to the creation of the new Georgian Bay Geopark.

CRITICAL MINERALS IN CANADA: CONCEPTS, CHALLENGES AND
CONTRADICTIONS

Andrew Kerr
Memorial University of Newfoundland.
E-mail: akerr@mmn.ca

The quest for “Critical Minerals” is now a persistent theme for the resource indus-
tries and in related government policies. This review delves into the developing
debate surrounding this topic to explain important concepts, but also to explore
some of the challenges and contradictions involved in future exploration and devel-
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opment. The critical minerals concept first developed following World War II, but
gained new relevance from recent supply disruptions, and wider recognition of the
role of mineral resources in the much-vaunted energy transition, seen as vital to
combat climate change. Canada’s Critical Minerals list differs from those issued by
other jurisdictions because it includes some major commodities and also uranium,
which carry little or no supply risk. Many other entries are commodities specifically
linked to the energy transition. These include cobalt, lithium, manganese, nickel,
graphite and vanadium (used in EV batteries and energy storage), rare earth ele-
ments (REE; for magnets in motors and turbines) and rarer elements (e.g. germani-
um, gallium, indium and tellurium) used in solar energy production. Some critical
minerals can be primary products (e.g lithium, graphite, and REE) but many more
represent byproducts from extraction of major commodities, notably iron, alu-
minum, nickel, copper and zinc. There are specific challenges related to critical min-
eral resources. The end-use technology evolves on a timescale of years, but explo-
ration and development now takes decades. Economic forecasts concede that exact
predictions are difficult but suggest that supplies for some commodities need to
increase by up to 500%. These relative forecasts are impressive and obviously influ-
ential, but for many commodities absolute global production will remain small,
which may limit potential for new discoveries. Simple measutes of grade and ton-
nage may not guarantee viability, because some commodities (e.g. the REE) form
mineralogically complex deposits. Important byproduct commodities may effective-
ly be lost whenever concentrates are exported for processing, Associated emissions
and impacts will require auditing if critical mineral development is to be explicitly
linked to climate goals, which may present challenges in the North. Most draft land-
use plans in northern regions emphasize large-scale land conservation, which could
limit exploration access before potential is fully assessed, and global biodiversity ini-
tiatives set even more ambitious targets for land protection. Given strong division
of opinion about resource development, especially in Canada’s North, controversy
and polarized debate should be anticipated. More than anything else, there is a need
for systematic geoscience data to aid in this difficult yet vitally important quest.

CRITICAL MINERAL RESOURCES IN NEWFOUNDLAND AND
LABRADOR: FROM ESTABLISHED COMMODITIES TO NEW
EXPLORATION TARGETS

Andrew Kerr!, John Hinchey?, James Conliffe2, Zsuzsanna Magyarosi?,
Hamish Sandeman?, Greg Sparkes?, Greg Stapleton?
Memorial University of Newfoundland,
2Geological Survey of Newfoundland and Labrador.

E-mail: akeri@mmnn.ca

The earliest extraction of mineral resources in present-day Canada occurred in
northern Labrador about 6000 years ago, and Newfoundland witnessed some of the
carliest exploration and mining ventures by Europeans on this continent. The
famous Ramah Chert from the Torngat Mountains was probably a “Critical Mineral”
in ancient North America. Newfoundland and Labrador (including Nunatsiavut) is
now poised to become an important supplier of critical minerals in the 215t century.
This review presentation outlines this rich resource inventory and discusses future
mineral potential in these regions. Current exploration in the province largely focus-
es on gold (Au), notably in Newfoundland, but activity related to critical minerals is
likely to grow in future years. Iron ore from Labrador continues to represent the
largest share of the Provincial mining industry, but nickel and copper (Ni, Cu; most-
ly from the Voisey’s Bay mine in Nunatsiavut) are increasingly important. In the con-
text of critical minerals, there is previous and/or intermittent production of
fluorspar (from St. Lawrence, Newfoundland), antimony (Sb, from Beaver Brook,
Newfoundland) and manganese (Mn; ore extracted from discrete zones in some
Labrador iron-ore deposits). Zinc was first produced in Newfoundland in the mid-
19t century and several undeveloped deposits remain. Some of these are known to
be enriched in cadmium (Cd), but few data are available to assess associated gallium
(Ga), germanium (Ge), indium (In) or tellurium (Te). The processing of Ni-Cu ores
from Voisey’s Bay provides the important byproduct cobalt (Co). Magmatic sulphide
mineralization elsewhere in Labrador shows Co entichment, but is presently sube-
conomic with respect to Ni and Cu. The “Central Mineral Belt” of Labrador (largely
Nunatsiavut) holds the largest inventory of uranium outside Saskatchewan, includ-
ing two large undeveloped deposits. Other important critical mineral resources in
this region include much of the world-class Strange Lake rare earth element (REE)
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deposit, located on the Québec-Nunatsiavut border, and similar deposits in central
and southeastern Labrador. Some of these REE deposits also contain niobium
(Nb), zirconium (Zr) and locally beryllium (Be). Plutonic rocks across Labrador con-
tain vanadium-enriched oxide mineralization and layered mafic intrusions are under-
explored as potential targets for platinum-group elements (PGE). Metasedimentary
rocks of western Labrador contain known graphite deposits, and similar potential
may reside in other unexplored Precambrian metamorphic terranes. On the island
of Newfoundland, Mo and W deposits (some with defined resources) are associated
with specialized Devonian granites, and Li-bearing pegmatites were recently discov-
ered in associated metasedimentary terranes.

APATITE FROM MAFIC LAYERED INTRUSIONS: FROM THE
RECORDING OF MAGMATIC PROCESSES TO THEIR USE FOR
EXPLORATION OF Fe-Ti-P MINERALIZATION

Marie Kieffer!, Sarah Dare!, Olivier Namur?
Université du Québec a Chicoutimi, 2KU Leuven. E-mail: sdare@ugac.ca

Apatite is a weathering-resistant mineral that can be found in most igneous, sedi-
mentary, metamotrphic and hydrothermal rocks. Its chemistry is commonly used to
trace magmatic processes, but also as a provenance indicator for sedimentary studies.
As its chemical composition varies according to deposit type, apatite also has the
potential to be used as an indicator mineral for exploration. However, apatite from
mafic layered intrusions, which are host to Fe-Ti-V-P resources, is not yet taken into
account by existing discrimination diagrams. Our study uses a petrogenetic approach
aiming to better understand chemical variations of apatite within mafic layered
intrusions and develop the use of apatite as a provenance indicator and as an indi-
cator mineral for exploration. The Sept-Iles Intrusive Suite (Quebec, Canada) is one
of the world’s most voluminous mafic layered intrusions. It represents a natural lab-
oratory to study the differentiation of a ferrobasaltic melt that led to a felsic magma
by extreme fractional crystallization. Immiscibility played an important role in the
formation of the Fe-Ti-P mineralization at the top of the mafic sequence (Critical
Zone). Detailed chemical composition of apatite from the mafic Layered Series and
from the felsic Upper Series was determined by electron microprobe analyses and
LA-ICP-MS (31 trace elements). Results show that cumulus apatite records the com-
positional variations of the ferrobasaltic magma during its fractionation from the
mafic towards the felsic rocks (enrichment in rare earth elements, Th, U, K, Pb, and
depletion in Sr, Ba, V and Mg, in apatite). Chemical differences between apatite from
the Fe-Ti-P-rich and -poor layers of the Critical Zone are attributed to the partition
of trace elements between two immiscible silicate melts, as well as to the different
cotectic proportions of apatite that crystallize from these melts (calculated at 5 to
8% and 1%, respectively). The abundance of apatite (7 to 36 vol.%) in Fe