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Executive Summary
In the past year CESME has achieved the following:

e Co-hosted a successful in-person event associated with the PDAC meeting

e Co-hosted a successful International Conference

e Supported the creation of a NOHFC Industrial Research Chair partnering with Kinross
Gold

e Supported an application to the Ontario Centre of Innovation to promote Critical
Minerals Outreach in Northern Ontario

e Provided scholarships to support graduate research

e Sponsored in-person workshops

¢ Facilitated new research initiatives between local industry and LU researchers

CESME goals & objectives

As outlined in the original proposal to the Senate Research Committee the purpose, rationale,
mission and goals of the Centre of Excellence in Sustainable Mining and Exploration
(CESME) are as follows:

Purpose

CESME will encourage and support research, education and outreach activities regarding the
nature and impacts of mineral resource exploration and extraction particularly in Northern
Ontario.

Rationale

Northern Ontario’s dynamic mining sector is booming, creating challenges regarding how best
to undertake sustainable economic development while ensuring environmental protection and
respecting constitutionally protected Aboriginal and Treaty rights. CESME will help address
these challenges by linking Lakehead University researchers with partners from First Nation,
Métis and local communities, government, and industry. This collaborative approach
recognizes that Canadian natural resource development requires sophisticated planning,
collaboration, assessment, implementation, and remediation strategies that are calculated to
minimize negative environmental, socio-economic, and cultural impacts. CESME uses the
term “sustainable” to imply reconciliation of the three pillars of environmental, social equity,
and economic demands (2005 World Summit on Social Development) that is now widely
recognized by the mining industry. To this end, CESME is structured under three pillars: 1)
Mining, Exploration and Mineral Processing; 2) Environmental Impacts; and 3) First Nation,
Métis and Local Community Engagement.

Through the Centre academic, community, government, and industry partners will carry out
cutting-edge research in discovery, advanced exploration, and development, and address the
environmental, social and cultural aspects of mineral extraction.



Mission
CESME will:

Goals

Support the development of community-based research and outreach activities in both
the Lakehead University community and the region as a whole;

Generate research projects that facilitate sustainable resource development in
Northern Ontario and evaluate the current and future ecological, social, cultural and
economic impacts of development; and

Apply research outcomes from Northern Ontario projects to broader sustainable
development issues in other northern Canadian and international jurisdictions and
apply the lessons learned in other jurisdictions to Northern Ontario.

CESME will:

Increase the capacity for mineral deposit research at Lakehead University and
enhance the reputation of the institution in the region, nationally and internationally;

Increase the capacity for research into the environmental impacts of mining and the
sustainability of this activity in Northern Ontario;

Increase the capacity for research into the social and cultural impacts of mining,
especially the involvement of local and First Nation and Métis communities and the
recognition of Aboriginal and treaty rights;

Increase the capacity for research into mining and mineral processing;

Initiate interdisciplinary research into these fields and develop multidisciplinary
research proposals for funding agencies and research partners;

Bring together a diverse range of researchers at Lakehead University working in fields
related to mining exploration, sustainable mining, and environmental and community
impacts; and

Make Lakehead University the hub for sustainable resource extraction research in
Northern Ontario.

Progress towards the Centre’s goals

In our original proposal to the Senate Research Committee we indicated that we would
achieve the goals of the Centre by undertaking a number of activities. This section lists those
activities and highlights progress made.

1. Initiate discussions with the wider community to shape the research activities of the
Centre.

We have continued discussions with a diverse group of research partners including First
Nations educational organisations. We continue to work with Mining Matters to facilitate
their engagement with schools and communities in Northern Ontario, including engaging
them to partner in our successful application to the Onatrio Centre of Innovation.



. Generate multidisciplinary research proposals and apply for external funding

CESME worked with Indigenous Initiative and Dr Michel Beaulieu to successfully apply
for the Onatrio Centre for Innovation for $100,000 to promote Critical Minerals Outreach
in Northern Ontario - A Pilot Program, Regional Future Workforce Program. In addition,
CESME initiated the conversation and worked with Kinross Gold to establish an NOHFC
Industrial Research Chair in Mineral Exploration. This has secured $500,000 in funding
from Kinross and resulted in applications to NSERC, FedNor and NOHFC to fully
support the Chair.

. Invite and fund proposals for research and outreach activities
We continue to solicit proposals from the University community

. Recruit and foster faculty, postdoctoral fellows, postgraduate, graduate, and
undergraduate student participation

CESME is supporting the MSc research of Luis Zappa and Adrian Perez, both MSc
students in the Department of Geology through the Dr. Melville Bartley Memorial
CESME award. Luis is working to better understand the paragenesis of the Saddle
North porphyry deposit in BC and Adrian is investigating the formation of the hots rocks
to the Moss Lake gold deposit.

. Establish working relationships with similar national and international centres (e.q.,
Mineral Deposit Research Unit (MDRU) at the University of British Columbia, Mineral
Exploration Research Centre (MERC) at Laurentian, CODES — ARC Centre of
Excellence in Ore Deposits at the University of Tasmania, Centre for Exploration
Targeting (CET) at the University of Western Australia)

We have a very successful collaboration with CODES and continue our partnership with
the Mineral Deposit Research Unit at UBC through an ongoing NSERC Alliance grant

. Develop and maintain a website for the Centre

We have established a website that highlights CESME activities and acts as a repository
for our publications and videos of our guest speakers.

Members of CESME

The Advisory Board for CESME continues to operate efficiently having met a number of
times by teleconference in the past year. Unfortunately, one of the founding Board
Members, Dr. Jim Franklin, passed away this year and we are currently seeking a
replacement. The membership comprises:

Ms. Sue Craig, Consultant - Chair
Mr. John Mason, CEDC

Mr. Glenn Nolan, Noront

Dr. Scott Jobin-Bevans, Consultant
Mr. Gord Maxwell, Consultant

The following faculty members have agreed to lead the three research pillars of CESME:

e Dr. Pedram Fatehi continues as the leader of the Mining, Exploration and Mineral
Processing pillar



e Dr. Michael Rennie, continues as the leader of the Environmental pillar
e We are currently seeking a leader for the Indigenous pillar.

The following faculty members have signed up as CESME members:

Dr. Matthew Boyd Anthropology

Dr. Andrew Conly Geology

Dr. Jian Deng Civil Engineering

Dr. Amanda Diochon Geology

Dr. Martha Dowsley Anthropology

Dr. A. Ernest Epp History

Dr. Pedram Fatehi Chemical Engineering

Dr. Philip Fralick Geology (emeritus)

Dr. Scott Hamilton Anthropology

Dr. Rachel Jekanowski English, Memorial University
Dr. Peter Lee Biology (emeritus)

Dr. Kam Leung Biology

Dr. Zhiquan Li Geology

Dr. Baogiang Liao Chemical Engineering

Dr. Nancy Luckai Natural Resources Management (emeritus)
Dr Rob Petrunia Economics

Dr. Mike Rennie Biology

Dr. Karl Skogstad Economics

Dr. Robert Stewart Geography

Dr. Shannon Zurevinski Geology

The following adjunct faculty are also members of CESME:

Dr. Greg Ross
Dr. Robert Mackereth

NOSM

Centre for Northern Forest Ecosystem
Research

In addition, three Postdoctoral Fellows (Moses Angombe, James Tolley and Tobias
Stephan) are affiliated with CESME.

Research Projects & Scholarly Activities

Other activities

CESME is continuing to engage with local mining companies by hosting “Discovery Days”
when researchers at Lakehead present their work to company representatives in order to
develop new partnerships. This year we ran a day for Kinross which ultimately led to the
establishment of an NOHFC Industrial Research Chair.

CESME participated in the Cen Can Expo in Thunder Bay where we co-hosted a booth with
the Economic Development team.



Educational Activities

CESME hosted the 15" International Ni-Cu Symposium at Lakehead University from August
5-9. The conference brought together 140 participants from industry, academia and
government for three days of technical sessions a series of well-attended pre- and post-
meeting field trips. Thanks to the generous support of our sponsors we were able to
significantly subsidise the cost for students to attend the meeting. The meeting was a
financial success and allowed us to set up a scholarship to support graduate students at
Lakehead Univiversity.

CESME sponsored three short courses organized by the Lakehead University SEG student
chapter. The first short course was on “Ancient and modern volcani-hosted massive
sulphide deposits” by Dr. Bruce Gemmel. The workshop took place on September 30th,
2023 with ~35 attendees. The second course on “Structural geology and it's application

in mining and mineral exploration” was taught on August 30, 2024 with around 25
participants.

Undergraduate and graduate training

We have supported two graduate students through the Dr. Melville Bartley Memorial
CESME Award as discussed above.

Dr. Matthew Brzozowski completed his Postdoctoral Fellowship with CESME in mide 2023
but continues to publish the research that resulted from that. This includes two papers
“Brzozowski, M., Hollings, P., Hamilton, M., Heggie, G., Caglioti, C., Yahia, K., and Bravo,
A., 2024. Petrogenetic relationship of the variably Ni-Cu—platinum-group element (PGE)-
mineralized intrusions of the Thunder Bay North Intrusive Complex, Midcontinent Rift,
Canada: Implications for mineral exploration in mafic—ultramafic complexes. GSA Bulletin,
https://doi.org/10.1130/B37736.1” and Brzozowski, M., Hollings, P., Heggie, G., MacTavish,
A., Wilton, D., Evans-Lamswood, D., 2023. Characterizing the supra- and subsolidus
processes that generated the Current PGE-Cu—Ni deposit, Thunder Bay North Intrusive
Complex, Canada: insights from trace elements and multiple S isotopes of sulfides.
Mineralium Deposita, https://doi.org/10.1007/s00126-023-01193-9.”

The three current Post Doctoral Fellows associated with CESME are Drs. Moses
Angombe, James Tolley and Tobias Stephan. All three are actively engaged in research
and the mentoring of MSc students.

Financial statement

The main CESME account has been relying on residual funds left from running our
conference and occasional donations. These funds have been expended meaning that the
only funds available to directly support CESME activities come from the Research Support
Fund. While this support is appreciated there are limits to how those funds can be used
which may impact future activities.

The statement provided below covers the 2023-2024 financial year.



Item Credit Debit

Carry Forward $00.00
Transfer from Research Support Fund $18,0000
Donations

Travel & Conferences (this includes cost for
Hollings to attend Roundup in Jan 24, and
Hollings and Phillips to attend PDAC in

March 24) $10,513.29
Sponsorship (SEG Workshop & C2U Expo) $1600.00
Printing $54.50
Catering for Kinross Research Day $148.74
Booth at Cen Can expo $1266.77
PDAC booth $3231.26
Promotional materials $680.44
Returned to Research Support Fund $287.68
Subtotal $18,000.00 $18,000.00
Balance $0.00

One-year and five-year plans

The immediate goals of CESME are as follows:

e Work with the Advisory Board to implement the new Strategic Plan for CESME and
the Action Items within it

e Replace Dr. Franklin on the Board and recruit new members

e We continue to seek funding both from research councils and donors to support
graduate and undergraduate research.

e We are still considering the possibility of hosting another conference at Lakehead or
alternatively providing support to other related events on campus.

e We continue to engage with faculty across campus to encourage them to participate
in and identify CESME activities.

Having met one of our medium-term goals of establishing a research Chair under the Mining
and Exploration Pillar we are still seeking to establish two research chairs, one related to
each of the remaining CESME pillars (Environmental Impacts and First Nation, Métis and
Local Community Engagement). These chairs are critical to the long-term success of
CESME as they will provide the core researchers around which Centre activities can be
developed. In addition to funding the Chair we are seeking ways to support graduate
students and Post-Graduate Fellows who will undertake much of the research. We are
investigating a number of mechanisms to fund these chairs, including:

e Corporate donations;

¢ Philanthropy
We are working closely with the Office of Research Services and External Relations to
achieve this goal.



2024-2025 Budget*

Item Cost
Attend PDAC meeting to promote CESME $7,500
(booth costs and travel)

Attend Roundup meeting to promote CESME $4,000
(2 x$2,000 people)

Conferences for CESME members $4,000
Promotional materials $1,000
Invited speakers $3,500

* Scholarships provided by CESME are not included here.

Emerging Trends

CESME activities are more important than ever in the face of changing developments and
conditions in the mining sector in northern Ontario. The mining industry is very active in
Northern Ontario which has led to high employment rates and a number of funding
opportunities for research, however, it has also highlighted the need for a greater number of
graduates from the geoscience programs at Lakehead. Enrolments are down across
Canada and we are working to expose school age students to geology and mining through
collaborations with organisations like Mining Matters and working directly with local
schoolboards and the Faculty of Education. The need for increased training to meet the
growing economic development needs in Northern Ontario means that this will continue to

be a priority for the Centre.
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short course registration
September 30,2023 9:00 AM - Thunder Bay - Venue T.B.A
Professional Rate - $250
Student Rate $50
Please complete the registration form below and return it with a cheque (payable to

Lakehead University SEG student Chapter) or cash to:

Lakehead University SEG Student chapter
c/o Department of Geology

Lakehead University

CB4064 955 Oliver Rd

Thunder Bay, ON.Canada P7B 5E|

Please send an email to Jordon Peterzon (jpeterzo@lakeheadu.ca) to express
interest in attending the course.

Registration Form

Name

Affilation/Address

Phone:




Lakehead University Student Chapter SEG and Brett Davis
(PhD) short course: Structural geology and it's application

in mining and mineral exploration
Friday August 30th @ Lakehead University

Brett Davis - PhD

Brett is widely regarded in the international exploration
and mining industry for his application of applied
structural geology to numerous commodity types and
mineral deposit styles. The approach Brett has brought
to understanding mineralising environments globally is a
product of the integration of modern structural geology
and technigues married with several decades of applied
research. Brett has held various technical and senior
managerial roles at consultancy groups and in mining
and exploration companies prior to running his own
international geology consultancy, Olinda Gold Pty Ltd. In
addition to consultancy assignments, Brett runs a
modular structural geology training course that can be

tailored to individual sites/companies or presented in a
multi-client environment. Brett currently holds an
Adjunct Senior Research Fellow position at James Cook
University. He is a Member of the Australian Institute of
Geoscientists and a Fellow of the Society of Economic
Geologists. He is also the geological content editor for
Coring Magazine, the world's largest drilling magazine.

Fill out the google form to register, or email seg.geology@lakeheadu.ca
https://forms.gle/EaqvcEFgvAtAMBFS9

Professional fee: $250
Student Fee: $50
Lunch and refreshments provided!

Questions?

Email: seg.geology@lakeheadu.ca




SAVE THE DATE!

The 15™ International Ni-Cu Symposium
will be held August 05-09, 2024 at
Lakehead University in Thunder Bay,
Ontario, Canada.

We look forward to seeing you here!

Potential field trips:

* Lacdes lles Mine

* Marathon deposit

* Current Lake and Escape Lake
deposits

* Eagle Mine

* Tamarack deposit

* Midcontinent Rift System near
Lake Superior in Canada and USA

* Archean greenstone belts with
Ni-Cu-PGE mineralization

For more information:
Contact: Dr. Peter Hollings, Chair, 15™ INCS
Email: incstbay2024@Ilakeheadu.ca

Visit: https://ec.lakeheadu.ca/ni-cu/welcome
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Abstract

The Current deposit is hosted by serpentinized peridotite that intruded rocks of the Quetico Subprovince in the Midconti-
nent Rift, and is subdivided into three morphologically distinct regions — the shallow and thin Current-Bridge Zone in the
northwest, the deep and thick 437-Southeast Anomaly (SEA) Zone in the southeast, and the thick Beaver—Cloud Zone in the
middle. The magma parental to the Current deposit became saturated in sulfide as a result of the addition of external S from at
least two sources — a deep source characterized by high A**S (<3%o) values, and a shallow source, potentially the Archean
metasedimentary country rocks, characterized by low A*S (<0.3%0). Variations in A**S—S/Se—Cu/Pd values indicate that
the contamination signatures were largely destroyed by interaction of the sulfide liquid with large volumes of uncontaminated
silicate melt. The intrusion crystallized sequentially, with the Current—Bridge Zone crystallizing first, followed by the Bea-
ver—Cloud Zone, and lastly by the 437-SEA Zone. This, along with the elevated Cu/Pd ratios in the 437-SEA Zone, which
formed as a result of sulfide segregation during an earlier saturation event, and development of igneous layering in this zone,
suggests that it represents the feeder channel to the Current deposit. After the intrusion crystallized, the base-metal sulfide
mineralogy was modified by circulation of late-stage hydrothermal fluids, with pyrrhotite and pentlandite being replaced by
pyrite and millerite, respectively. This fluid activity mobilized metals and semi-metals, including Fe, Ni, S, Se, Co, Cu, Ag,
and As, but did not affect the PGE. This contribution highlights the importance of the interplay between magma dynamics
and magmatic—hydrothermal processes in the formation of Ni-Cu—PGE-mineralized deposits.

Keywords Current deposit - Ni-Cu—PGE - Base-metal sulfide chemistry - S isotopes

Introduction

Editorial handling: W. D. Maier Magmatic Ni—Cu—platinum-group element (PGE) sulfide

54 M. Brzozowski deposits form through a series of suprasolidus processes

matt.brzozow @ gmail.com that have been relatively well constrained and which can
largely be summarized by four major events — i) generation
of a mafic—ultramafic magma via partial melting of the man-
tle, ii) saturation of a mantle-derived magma in sulfide and
segregation of an immiscible sulfide liquid, iii) interaction
of the sulfide liquid with the silicate melt and enrichment
of metals in the former based, and iv) concentration of the
metal-enriched sulfide liquid to form an ore body (Naldrett
2010). While these fundamental processes are common-
place in magmatic Ni-Cu-PGE deposit, the mechanism
by which sulfide saturation occurs varies between depos-
its. Although several mechanisms have been proposed,
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including closed-system fractional crystallization, magma
mixing, increasing magma fO,, and addition of externally
derived Si or S (Robertson et al. 2015b), most of these, apart
from direct addition of S, were deemed incapable of gener-
ating economic concentrations of Ni-Cu—PGE mineraliza-
tion (Ripley and Li 2013). Notable examples of conduit-type
Ni—Cu—PGE sulfide deposits that formed via assimilation of
distinct contaminants include Norilsk, which was contami-
nated by anhydrite (e.g., Ripley et al. 2010), Voisey’s Bay,
which was contaminated by paragneiss (e.g., Ripley et al.
2002), and Jinchuan, which was contaminated by carbonate
rock (e.g., Lehmann et al. 2007). Additionally, contamina-
tion by geochemically distinct assimilants within a single
conduit system has been described in the Eastern Gabbro of
the Coldwell Complex (Midcontinent Rift System), in which
the Marathon deposit assimilated Archean sedimentary
rock and the northern deposits likely assimilated metamor-
phosed igneous rock (Shahabi Far et al. 2018; Brzozowski
et al. 2020). Regardless of how these fundamental processes
operate, the sulfide liquid that results eventually crystallizes
to the commonly observed assemblage of pyrrhotite—pent-
landite—chalcopyrite (Craig and Kullerud 1969; Kullerud
et al. 1969).

It is well understood, however, that subsolidus processes
have the potential to modify the mineralogy of the base-
metal sulfide (BMS) assemblage, as well as the grade and
tonnage of the mineralized system (Prichard et al. 2013;
Holwell et al. 2017; Brzozowski et al. 2020; Lawley et al.
2020; Wang et al. 2021). These processes, therefore, have
the potential to affect the economic value of a mineralized
system (Holwell et al. 2017). An example of a mineralized
system whose economic potential is believed to have been
improved via subsolidus processes is the Roby Zone of the
Lac des Iles deposit in northern Ontario, Canada. Although
the mineralization at Lac des Iles is unequivocally magmatic
(Barnes and Gomwe 2011; Djon and Barnes 2012; Duran
et al. 2016), it has been demonstrated that the Pd enrich-
ment in the Roby Zone was the result of upgrading by mag-
matic—hydrothermal fluids (Watkinson and Dunning 1979;
Hinchey and Hattori 2005). Accordingly, the success of min-
eral exploration and eventual metal extraction depends on
having a strong understanding of these supra- and subsolidus
processes and a robust mineral deposit model.

The Thunder Bay North Intrusive Complex (TBNIC)
of the Midcontinent Rift System contains a series of
mafic—ultramafic intrusions, including the 1,106.6 + 1.6 Ma
Ni—Cu-PGE-mineralized Current and Escape intrusions
(Fig. 1B) (Bleeker et al. 2020; Kuntz et al. 2022). Although
exploration of these two systems has been ongoing since
2005, limited work has been done to characterize the supr-
asolidus processes that generated the base- and precious-
metal mineralization or the subsolidus processes that
modified the mineralization. Accordingly, this contribution

@ Springer

focuses on characterizing the suprasolidus processes that
generated the BMS mineralization along the length of the
Current conduit, as well as the subsolidus processes that
modified the initial mineralization, with the ultimate goal of
developing a robust mineral deposit model. This is accom-
plished by integrating detailed petrography, whole-rock
and BMS chemistry, and multiple S isotopes (*S, 23S, 3S,
36S). This contribution represents one of the first studies to
develop a holistic model for a BMS deposit in the Thunder
Bay-Nipigon Embayment region. It, therefore, not only has
broad implications for the formation of, and exploration for,
Ni—Cu-PGE deposits globally, but also lays the foundation
for our understanding of deposits in this portion of the Mid-
continent Rift System.

Geological setting of the Thunder Bay North
Intrusive Complex

The TBNIC is located in the Quetico Subprovice of the
Superior Province in northern Ontario, Canada and rep-
resents one of several magmatic Ni—-Cu—PGE-mineralized
complexes that formed as part of the North American Mid-
continent rifting event ca. 1.1 Ga (Fig. 1A) (Bleeker et al.
2020; Kuntz et al. 2022). It comprises several mafic—ultra-
mafic chonoliths that straddle the east—west trending Quetico
Fault System (Fig. 1B) (Bleeker et al. 2020). From east to
west, these intrusions are the Current, 025, Steepledge, and
Lone Island intrusions that are connected by dykes—sills of
the East—West Corridor (Fig. 1B) (Kuntz et al. 2022).

The 1,106.6 + 1.6 Ma Current intrusion has been drilled
extensively since 2006 (730 drill holes totaling 162,997 m
as of 2020) (Kuntz et al. 2022). It defines a~3.4-km-long
northwest—southeast-trending chonolith (Figs. 1B and 2)
with a “tadpole-shaped” aeromagnetic anomaly that suggests
it extends for up to 6 km towards the southeast (Bleeker et al.
2020); this has been verified by drilling. The chonolith com-
prises undeformed and unmetamorphosed olivine melagab-
bro, feldspathic lherzolite, and lherzolite, as well as quartz-
bearing gabbro/monzonite (Chaffee 2015; Kuntz et al. 2022).

The Current chonolith has been subdivided into 1) the Cur-
rent—Bridge Zone to the north, ii) the 437 Zone—Southeast
Anomaly (SEA) to the south, and iii) the Beaver—Cloud Zone
in between (Fig. 2a). The Current—Bridge Zone is hosted by
granite, whereas the Beaver—Cloud and 437-SEA zones are
hosted by metasedimentary country rock (Fig. 2) (Kuntz et al.
2022). The lithology of the Current-Bridge and Beaver—Cloud
zones largely comprises peridotite (Fig. 3A—C), whereas the
437-SEA Zone is layered from a lower peridotite to melagab-
bro to an upper oxide gabbro and capped with a quartz-bearing
gabbro/monzonite (Figs. 3D, ESM 1 S1) (Heggie et al. 2015).
Northwest of the Quetico Fault in the Current Zone, the chono-
lith is thin (<70 m), sinuous, tubular, shallow (<60 m to its
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Fig. 1 (A) Simplified geologic
map of the North American
Midcontinent Rift illustrating
the distribution of rock types
and highlighting the location of
several Ni-Cu—PGE-mineral-
ized intrusions and complexes,
including the Thunder Bay
North Intrusive Complex (modi-
fied from Good et al. 2015).

(B) Simplified geologic map
showing the locations of mafic—
ultramafic intrusions of the
Thunder Bay North Intrusive
Complex, including the Ni-Cu—
PGE-mineralized Current and
Escape intrusions (modified
from Thomas et al. 2011)

base), and relatively flat lying (Figs. 2B and 3A) (Kuntz et al.
2022). Straddling the Quetico Fault in the Bridge Zone, the
chonolith changes to a more stubby, tabular morphology with a
gentle southeast plunge to a depth of < 150 m (Figs. 2B and 3B).
From the Beaver Zone to the SEA, the chonolith progressively
thickens from~ 150-500 m, is tabular in shape, and extends to
progressively greater depths of up to~ 1,000 m at the base of the
SEA (Figs. 2B and 3C, D).

The BMS mineralization in the Current deposit is hosted
within the lherzolite and olivine melagabbro (Fig. 3) (Kuntz
et al. 2022). This mineralization largely occurs as disseminated
pyrrhotite, pentlandite, chalcopyrite, pyrite, and cubanite, with
overall abundances ranging from a few percent to>25%; small
bodies of semi-massive to massive sulfide occur at the base
of the Bridge and Beaver zones (Fig. 3B, C) (Bleeker et al.
2020; Kuntz et al. 2022). Base-metal sulfides are distributed

throughout the chonolith in the Current Zone and the northwest
portion of the Bridge Zone, but become bottom loaded in the
southeast portion of the Bridge Zone where it meets the Beaver
Zone (Fig. 3A—C). Southeast of the Beaver Zone, the majority of
BMSs are bottom loaded. The SEA and Cloud Zone are excep-
tions to these general characteristics, the former containing only
minor BMS, and the latter comprising < 1% finely disseminated
and irregularly dispersed chalcopyrite + pyrrhotite at the roof of
the chonolith (Fig. 2B).

Samples and methods
The mineralogy and texture of BMS were characterized in

284 thin sections collected along the length of 36 drill holes
that intersected the Current, Bridge, Beaver, Cloud, and 437

@ Springer
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Fig.2 (A) Simplified geologic
map illustrating the morphol-
ogy of the Current intrusion
(grey) crosscutting the Archean
metasedimentary rocks of the
Quetico Subprovince (south

of Quetico Fault Zone) and
Archean granite (north of the
Quetico Fault Zone) in plan
view, highlighting the relative
locations of the five mineral-
ized zones and the Southeast
Anomaly (modified from Chaf-
fee 2015). The yellow circles
represent the locations of drill
holes from which samples were
characterized in this study. The
grey dashed lines are the UTM
locations where the intrusion
has been subdivided into the
Current-Bridge, Beaver—Cloud,
and 437-SEA zones. (B)
Schematic cross section of the
Current intrusion illustrating
the change in morphology of
the conduit with depth and

the relative location of sulfide
mineralization in the five zones
(modified from Thomas et al.
2011)

zones, as well as the SEA (Fig. 2A). Five samples of the
granite country rock and two samples of the metasedimen-
tary country rock were also characterized (Fig. 2A). Min-
eral Liberation Analysis (MLA) was conducted on ten thin
sections at the CREAIT facility at Memorial University of
Newfoundland using an FEI Quanta 400 scanning electron
microscope (SEM) equipped with a Bruker XFlash energy
dispersive X-ray (EDX) detector and mineral liberation anal-
ysis software. Operation conditions of the instrument are
provided in the Electronic Supplementary Material (ESM 1).

Bulk-rock geochemical data comprise assays for base metals
(Cu), precious metals (Pd, Pt, Ir), and S that were used by Clean
Air Metals to define the Current deposit. The vast majority of
the assay data were determined at ALS (~98% of the database),
with the remaining ~2% determined at Accurassay Laboratories.
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Quality assurance and control for these analyses were performed
throughout the exploration process to meet the requirements of
the National Instrument 43—101. All bulk-rock data utilized
herein represent rocks with Pd>0.01 ppm. Details regarding
the analytical methods used to collect the bulk-rock data are
provided in the Electronic Supplementary Material (ESM 1)
The trace-element contents of BMS from 65 polished thin
sections and pucks from 31 drill holes were determined at the
Element and Heavy Isotope Analytical Laboratory at the Univer-
sity of Windsor using an Agilent 7900 ICP-MS coupled with a
193-nm excimer laser. The accuracy of the measured concentra-
tions was assessed by comparing the measured values of sulfide
reference UQAC FeS-1 (University du Québec a Chicoutimi,
Canada) and MASS-1 to the working values; the measured val-
ues are in good agreement with the working values (ESM 2
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Fig.3 Schematic cross sections
of the (A) Current Zone, (B)
Bridge Zone, (C) Beaver Zone,
and (D) Southeast Anomaly
illustrating the relationships

of the main rock units in the
conduit, the change in conduit
morphology from northwest to
southeast along the intrusion,
and the change in location of
mineralization that accompa-
nies this change in morphology
(modified from Thomas et al.
2011; Bleeker et al. 2020)

Table S1). Details regarding instrument operating conditions,
standardization, correction of metal argide interferences, and
signal processing are provided in ESM 1.

The S isotope composition (328, Bg, s, 368) of BMS was
determined in situ using a CAMECA IMS 1280 secondary ion
mass spectrometer at the Centre for Microscopy, Characteri-
sation and Analysis, University of Western Australia. Details
regarding instrument operating conditions, standardization, and
data processing are provided in ESM 1. Sulfur isotope values
are reported in delta notation as permil deviations from Vienna
Canyon Diablo troilite. Mass-independent fractionation was
assessed by calculating the deviation of the measured values
from mass-dependant fractionation (APBS=8%S — 1,000 [(1
_ 6345)0.515 _ 1]’ A36S=636S _ I,OOOX [(1 _ 6348)1.91 _ 1])

Accuracy of the sample measurements was assessed by meas-
uring the isotopic composition of the Nifty-b chalcopyrite,
VMSO pentlandite, Alexo pyrrhotite, and Sierra pyrite stand-
ards. Their measured compositions are in excellent agreement
with the reference values provided by LaFlamme et al. (2016)
(ESM 2 Table S2).

Results
Bulk-rock geochemistry

In metal-S space, Cu and PGE generally correlate positively
with S concentrations, but there is a subgroup within which
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chalcophile elements exhibit no discernable correlation with
S (Fig. 4A, B). Similarly, when comparing the Pt-group PGE
(PPGE) and Ir-group PGE (IPGE), Pd correlates positively
with both Pt (Pd/Pt=0.9 + 0.4, average +2SD; Fig. 4C) and
Ir (Pd/Ir=21+131; Fig. 4D).

Base-metal sulfide mineralogy

The samples that were characterized for this study comprise
variably mineralized mafic—ultramafic rocks from the chono-
lith, granitic country rocks, and samples where the two have
mingled (Fig. SA). Base-metal sulfides are largely dissemi-
nated (Fig. 5B), but can be net-textured (Fig. 5C) and blebby
(Fig. 5D). The latter sulfide variety can be mineralogically
segregated, with a portion comprising pyrrhotite—pentlan-
dite and portion comprising chalcopyrite (Fig. 5D); a fine-
grained assemblage of silicate minerals commonly sur-
rounds the chalcopyrite (Fig. 5D).

The BMS assemblages throughout the Current intrusion
comprise variable proportions of pyrrhotite, pentlandite,
chalcopyrite, and pyrite, with lesser cubanite, millerite, vio-
larite, and rare troilite and gersdorffite. Chalcopyrite, pyr-
rhotite, and pentlandite largely occur as equilibrium assem-
blages with sharp, curved contacts (Fig. SE). Pyrrhotite can
occur as single large (mm-sized) crystals (Fig. SE, F) or
as aggregates of numerous fine-grained (tens of microns)
crystals that share ~ 120° angles; these textural varieties of
pyrrhotite can occur within the same thin section (Fig. 5F).

Fig.4 Binary diagrams illus-
trating the variation in bulk-rock
(A) Cu-S, (B) Pd-S, (C) Pd-Pt,
and (D) Pd-Ir. The red arrow
highlights data that exhibits

a positive trend on these dia-
grams, whereas the green field
highlights data that falls off this
trend. Dashed lines represent
constant Pd/Pt and Pd/Ir ratios.
DL =detection limits
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Troilite occurs as wavy intergrowths in pyrrhotite. Pentland-
ite can occur as large (hundreds of microns) crystals associ-
ated with chalcopyrite—pyrrhotite assemblages (sometimes
at the contact between the two), as flames within pyrrhotite
(Fig. 5SE), and in veinlets that crosscut pyrite (similar to pyr-
rhotite in Fig. 5G). Cubanite occurs as laths within chalco-
pyrite (Fig. SE, F).

Pyrite generally occurs in disequilibrium with pyrrhotite
(Fig. 5H), as large (mm-sized) crystals either associated with
chalcopyrite—pentlandite—cubanite or isolated from other
BMS, and as wormy intergrowths in chalcopyrite (Fig. 5I).
Rarely, chalcopyrite associated with pyrite can occur iso-
lated within alteration patches (Fig. 5J). Locally, pyrite can
occur as blocky intergrowths with pentlandite (Fig. 5K).
Millerite occurs as aggregates of irregular crystals in chal-
copyrite; it is most common in samples that contain pyrite
(Fig. 5L). Violarite occurs along fractures in pentlandite
(Fig. 5SM). Gersdorffite occurs as anhedral-euhedral grains
within chalcopyrite, pyrite, and silicates (Fig. SN).

The visual proportion of pyrite to other BMS varies sig-
nificantly within the sample population, with some sam-
ples having no pyrite, others being composed entirely of
chalcopyrite—pyrite, and no pyrrhotite, and others compris-
ing pyrrhotite—pentlandite—chalcopyrite—pyrite—millerite.
Mineral abundance data obtained via MLA on ten samples
confirm this thin section-scale variability in sulfide miner-
alogy (Fig. 6). Of note is that the abundances of pyrrhotite
and pyrite exhibit a clear negative and non-linear correla-
tion (Fig. 6D). This mineralogical variability matches that
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obtained on a larger sample population by Clean Air Metals
(grey squares in Fig. 6). Within this larger sample set, it is
also evident that a similar negative and non-linear correla-
tion exists between pentlandite and millerite (Fig. 6E).

Base-metal sulfide trace-element chemistry
Distribution among BMS

The trace-element chemistry of the six most common
BMS throughout the Current deposit is provided in ESM
2 Table S3 and illustrated in Fig. 7. In the Current deposit,
the order of decreasing Co contents is pentlandite =miller-
ite > pyrite > pyrrhotite > chalcopyrite—cubanite (Fig. 7A).
Iron-rich BMS consistently have lower Zn concentrations
than Cu-rich BMS (Fig. 7A). Palladium, Pt, and Au exhibit
similar ranges of concentration (up to three orders of mag-
nitude) that are generally indistinguishable among the BMS,
apart from pentlandite, which has consistently elevated Pd
contents (up to 208 ppm), and some pyrite that extend to
elevated Pd values similar to pentlandite (Fig. 7B-D). The
concentrations of the IPGE (Os, Ir, Ru) among the BMS
are indistinguishable and exhibit similar ranges (e.g., four
orders of magnitude for Ir; Fig. 7E-G). Silver and Sn exhibit
similar distributions among the BMS, with their concentra-
tions generally decreasing in the order chalcopyrite > pyr-
rhotite—pentlandite—millerite > pyrite (Fig. 7H, I). The con-
centration of As typically extends to higher values in pyrite
compared to chalcopyrite—pyrrhotite—pentlandite; Bi exhib-
its a mirrored distribution (Fig. 7J, K). The concentration of
Se in chalcopyrite, pyrrhotite, pentlandite, and millerite is
similar and exhibits relatively limited variability, whereas its
concentration in pyrite extends to notably lower values than
in the other BMS (Fig. 7L).

Cu/Pd and S/Se values

Bulk-rock Cu/Pd ratios of samples from the Current—Bridge
(1,892-3,275) and Beaver—Cloud (1,902—4,100) zones are
largely indistinguishable, exhibit limited variability, and
fall entirely within the range of mantle values (Fig. 8). The
437-SEA Zone has consistently higher and more variable
Cu/Pd ratios (3,166-42,444, Fig. 8).

The S/Se values of chalcopyrite (942-8,480), pyrrhotite
(1,731-7,158), and pentlandite (1,597-4,076) are indistin-
guishable and will be considered together (Fig. 8A). Pyrite
and millerite are considered separately as they are second-
ary BMS. Based on the primary BMS assemblage, the S/Se
values of the Current—Bridge (942-5,880), Beaver—Cloud
(1,706-15,023), and 437-SEA (1,597-6,180) zones over-
lap and are generally indistinguishable (Fig. 8A). These S/
Se values extend to lower and higher values than those of
the mantle (Fig. 8 A). Pyrite and millerite in the Current

deposit are characterized by S/Se values that are notably
more variable than the primary BMS assemblage, ranging
from 979 to 23,091, and extend to values notably lower and
higher than the mantle range (Fig. 8B). Pyrite from a granite
country rock sample with Cu/Pd of 4,500 has S/Se values of
30,066-64,426 (Fig. 8). Pyrite from two metasedimentary
country rock samples with Cu/Pd of 34,000-59,000 have S/
Se values of 12,848-82,249 (Fig. 8).

Multiple sulfur isotopes

The overall S isotope composition of the Current deposit
(-0.06%o to 0.36%c A*S and -2.4%o to 2.30%. 5*'S, ESM
2 Table S4) largely falls within the range of mantle values,
although several samples have A>*S values that are distinctly
higher than mantle (Fig. 9A). The overall S isotope composi-
tions of the BMS, both primary and secondary, are indistin-
guishable (Fig. 9A, B). Similarly, the S isotope compositions
of BMS in the Current-Bridge and Beaver—Cloud zones are
also largely indistinguishable (Fig. 9A, B). Notably, there
is no significantdifference in the S isotope composition of
texturally distinct BMS (Fig. 5B-D) or those associated with
mafic magma-granite magma mingling (Fig. 5A) (ESM 2
Table S4). In A**S—Cu/Pd-S/Se space, BMS generally
exhibit horizontal trends, with large variability in isotope
composition and limited variability in Cu/Pd and S/Se val-
ues, apart from a few samples from the 437-SEA Zone with
elevated Cu/Pd, and pyrite with elevated S/Se values (ESM
1 Figs. S3A, B).

Discussion

Origin of the pyrite-millerite assemblage
in the Current deposit

Although pyrite and millerite can form via magmatic processes
by recrystallization from monosulfide solid solution (MSS), this
only occurs in sulfide liquids characterized by elevated S/metal
ratios (approximately 40 wt. % S at 600 °C) (Naldrett et al. 1967,
Kullerud et al. 1969; Craig 1973). Most sulfide liquids, however,
do not achieve such high S/metal ratios, and so primary pyrite
in magmatic sulfide deposits is quite rare (Pifia et al. 2016).
Formation of magmatic millerite is largely restricted to Ni-rich
komatiitic ores, whereas those that occur in mafic—ultramafic
systems are largely the result of low-temperature alteration of
pentlandite (Barnes et al. 2011; Duran et al. 2015). Given these
physicochemical constraints, the occurrence of pyrite as anhe-
dral, pitted grains (Fig. SH-L) rather than the euhedral grains
expected for primary pyrite (e.g., Dare et al. 2011; Duran et al.
2015; Pifia et al. 2016), the disequilibrium textures exhibited in
pyrite—pyrrhotite (Fig. SH) and pentlandite—millerite assemblages,
the patchy chemical zonation in pyrite (ESM 1 Fig. S2E), and the
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inverse correlation between the abundance of pyrrhotite—pyrite ~ Kellurud 1967; Naldrett et al. 1967; Craig 1973; Misra and Fleet
and pentlandite—millerite (Fig. 6D, E), it is likely that the pyrite 1974) alteration of pyrrhotite and pentlandite, respectively. This
and millerite in the Current deposit are not magmatic in origin,  characterization will be used throughout the discussion when
but rather formed by the low-temperature (<230 °C; Naldrettand ~ characterizing magmatic and hydrothermal processes.

@ Springer



Mineralium Deposita

«Fig.5 Images of drill core samples (A-D) and reflected—light photo-
micrographs (E-N) illustrating representative examples of base-metal
sulfides and textures in the Current deposit. (A) Mingling between the
mafic Current magma and a felsic melt. Note the occurrence of base-
metal sulfides where the two magmas mingled. (B) Disseminated, (C)
net-textured, and (D) blebby base-metal sulfide mineralization. (E)
An equilibrium (magmatic) assemblage comprising pyrrhotite—pent-
landite—chalcopyrite—cubanite. (F) Cross-polarized, reflected-light
photomicrograph illustrating pyrrhotite occurring as a single crys-
tal and as an aggregate of multiple crystals. Note the 120° dihedral
angles between crystals in the latter. (G) Pyrite partially replaced by
pyrrhotite. (H) Pyrrhotite partially replaced by pyrite. (I) An assem-
blage comprising chalcopyrite—pentlandite—pyrite. (J) Chalcopyrite
restricted to an alteration patch and physically associated with pyrite.
(K) An assemblage of chalcopyrite—pentlandite—pyrite in which the
pyrite was partially replaced by pentlandite. (L) An assemblage of
chalcopyrite-millerite—pyrite. (M) An assemblage comprising largely
chalcopyrite—pentlandite, with violarite occurring along fractures in
pentlandite. (N) An assemblage of chalcopyrite—pyrite—gersdorffite.
Po=pyrrhotite, Pn=pentlandite, Ccp=chalcopyrite, Cbn=cubanite,
Py =pyrite, Mill =millerite, Viol = violarite, Gdf = gersdorffite

Sulfide saturation and metal enrichment-depletion

Many primary BMS in the Current deposit are character-
ized by mantle S/Se values (2850-4350; Eckstrand and
Hulbert 1987; Palme and O’Neil 2014), but significant
variability towards values greater and lower than man-
tle is also observed (Fig. 8A). Likewise, although BMS
at Current are characterized by A*S-8%*S values that are
largely within range of mantle values (A**S =0 +0.1%o,
84S =0+ 2%o: Lesher and Burnham 2001; Farquhar 2002;
Ripley and Li 2003; Bekker et al. 2009), several BMS have
A33S that are distinctly higher than the mantle (Fig. 9A, D,
F). Although variations in R factor alone can explain the
lower-than-mantle S/Se and mantle-like A3*S values (ESM
1 Fig. S4), it cannot explain the elevated S/Se and A*3S
values. These elevated values must, therefore, represent the
addition of S from an external source. Given the mantle-
like 8°*S for all of the BMS and elevated A*’S (Fig. 9), it
seems likely that the contaminant was Archean in age as
these isotopic signatures are diagnostic of Archean sedi-
mentary reservoirs (Farquhar and Wing 2003, 2005).

The country rocks provide a potential local source of S as
they comprise Archean metasedimentary, and granitic rocks
of the Quetico Subprovince (Hart and MacDonald 2007).
Although there is limited S isotopic data on these country
rocks, the data that are available for the Archean Quetico
metasedimentary rocks demonstrate that it is heterogeneous,
with 8%*S values in the range of -3.03%o to 0.61%o and A**S
values in the range of 0.01%o0 to 0.29%¢ (Caglioti 2023).
Considering this heterogeneity, the fact that the Quetico
Subprovince represents a mixture of crustal sources (Wil-
liams 1991), and the significant variability of A*S during
the Archean (Farquhar et al. 2010), it is possible that the

Quetico metasedimentary rocks contain S with highly vari-
able and positive A*S values. Similarly, there is no isotopic
data available for the Archean granitic country rocks into
which the northern portion of the Current intrusion intruded,
but the lack of deviation of §**S—A3*S from mantle values of
sulfides hosted within a mixture of mafic magma and felsic
country rock melt (Fig. 5SA, ESM 2 Table S3) suggests that
the granitic country rocks do not contain a significant mass
independent fractionation (MIF) signal. Lastly, it is also
possible that S was sourced from Archean rocks at depth,
which has been suggested for other Ni-Cu—PGE-mineralized
intrusions in the Midcontinent Rift System, including the
Marathon deposit (Shahabi Far et al. 2018; Brzozowski et al.
2020, 2021) and Duluth Complex (Ripley et al. 2007).

It has been well documented that contamination signa-
tures recorded by S isotopes and S/Se values can be diluted
by interaction of the contaminated sulfide liquid with uncon-
taminated pulses of silicate melt (Lesher and Burnham 2001;
Ripley and Li 2003; Hiebert et al. 2013, 2016; Queffurus
and Barnes 2015; Smith et al. 2016, 2021; Shahabi Far
et al. 2018; Brzozowski et al. 2020, 2021), with complete
destruction of the geochemical—isotopic signatures at R fac-
tors > 1,000 (ESM 1 Fig. S4). Considering the importance
of R factor to the enrichment of sulfide liquids in metals
in Ni-Cu-PGE deposits, particularly volumetrically small,
conduit-type, PGE-rich systems like Current (Figs. 2 and
3), it is possible that the largely mantle-like S isotope and
S/Se values of BMS that extend towards non-mantle values
may be the product of dilution caused by variably high R
factors of < 10,000. To assess this, the S isotope and S/Se
values of BMS, and bulk-rock Cu/Pd values are compared
to compositions modeled using the R factor equations of
Ripley and Li (2003).

Copper, Pd, and Se concentrations are modelled following
the closed-system R factor equation of Ripley and Li (2003)
and employing sequential steps of batch equilibration:
Cmeta/ + (R % Czr;;ml)

metal __ sul;

Cu = % )

ymetal
D.ml— sil

The parameters "¢ and C”¢"“' are the initial and final
i f

concentrations of a metal in the sulfide liquid, respectively,
C_:';Z’“l is the initial concentration of a metal in the silicate
melt, R is the incremental R factor (i.e., the R factor of each
individual pulse of magma), and D;’ffl’_”iﬂ is the sulfide lig-
uid—silicate melt partition coefficient for a given metal. Sul-
fur isotopes are modeled using the open-system R factor

equation (Ripley and Li 2003):

dSsulv + R° (deil- + ASsul—sil) CS[
ds,, = d d ,where R = =2 xR
suly 1+R (o
(2)
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Fig.6 Binary diagrams illustrat-
ing the variation in abundances
of (A) chalcopyrite—pyrrhotite,
(B) pentlandite—pyrrhotite,

(C) chalcopyrite—pyrite, (D)
pyrrhotite—pyrite, (E) pent-
landite—millerite obtained by
mineral liberation analysis.
Note the strong negative, non-
linear correlation between the
abundances of pyrrhotite—pyrite
and pentlandite—millerite. The
grey squares are data from an
unpublished metallurgical study
by Clean Air Metals Inc

The parameters dS,,; and dS,,; correspond to the initial
and final (after sulfide liquid—silicéte melt interaction) S iso-
tope compositions of the sulfide liquid, respectively, dS,; is
the initial S isotope composition of the incoming silicate
melt, AS,,,_,; is the S isotope fractionation factor between
sulfide liquid and silicate melt, and Cf_l.l and Cful are the con-
centrations of S in the silicate melt and sulfide liquid, respec-
tively. Values used for the model parameters are provided in
Table 1, along with an explanation of why the values were
chosen. Given the likelihood that the contaminant was
Archean in age and the overall mantle-like 8**S values of the
samples (Fig. 9), modeling focused on A**S—S/Se—Cu/Pd.
Because the nature of the Archean contaminant is not
known, modeling was done using several contaminant start-
ing compositions representing assimilation of S with a range
of A®S values from mantle-like (0.1%o), to those similar to
metasedimentary pyrite in the Quetico Subprovince (up to
0.3%o; Caglioti 2023), to those notably higher than mantle
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(1%0, 3%o, and 10%o); these values are within the range of
A3S values of Archean sedimentary reservoirs (Farquhar
and Wing 2003, 2005; Farquhar et al. 2010).

According to the model, as R factor increases from 100
to~ 10,000, the S/Se value of the sulfide liquid decreases
more rapidly than the Cu/Pd ratio, whereas at R fac-
tors > 10,000, the opposite is observed, with S/Se being
essentially invariable and Cu/Pd decreasing significantly
(Fig. 10A). The Cu/Pd—-S/Se data from the Current deposit
generally follows the model trend at R factors < 10,000,
exhibiting limited variability in Cu/Pd values, but significant
variability in S/Se values (Fig. 10A). This suggests that 1)
the sulfide liquid at Current experienced R factors < 10,000,
consistent with R factors estimated from bulk-rock Cu and
Pd (Fig. 11), and ii) the silicate melt assimilated material
that was characterized by elevated S/Se values. Based on
the modeling, the minimum S/Se value of the contami-
nant was likely in the range of 36,000, which is within the
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Fig.7 Binary diagrams illustrating the variation in metal (A-H) and semi-metal (I-L) concentrations in base-metal sulfides as a function of Co

concentration. All concentrations are in ppm

range of values of pyrite in the Archean Quetico granitic
(30,066-64,426, ESM 2 Table S3) and metasedimentary
country rocks (12,848-82,249; Caglioti 2023).

The modeled variations in Cu/Pd—A3’S exhibit similar
trends for all of the hypothetical contaminants, with signifi-
cant variability in A8 at R factors < 10,000, and essentially

no variability in A®S at R factors > 10,000 (Fig. 10B),
similar to S/Se. The model curves for the various contami-
nants in S/Se—A%’S space exhibit distinct trends based on
how positive the A*S value of the contaminant is, with
the overall slope of the curves increasing with isotopically
lighter contaminants (Fig. 10C). Two things are evident
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Fig.8 Binary diagrams illus-
trating the variation in bulk-rock
Cu/Pd and sulfide S/Se in (A)
the primary chalcopyrite—
cubanite—pyrrhotite—pentlandite
assemblage and (B) the second-
ary pyrite—millerite assemblage.
The red, dashed field outlines
the range of bulk-rock Cu/Pd
and S/Se values. The purple and
pink dashed fields represents
the bulk-rock Cu/Pd ratio of
Archean granitic and metasedi-
mentary country rock and S/Se
of its pyrite (np, =2 and np, =4,
respectively); data for metasedi-
mentary pyrite is from Caglioti
(2023). The mantle ranges for
Cu/Pd (1,000-10,000) and S/
Se (2,632-4,350) are from
Barnes et al. (1993, 2015b), and
Eckstrand and Hulbert (1987)
and Palme and O’Neil (2014),
respectively

Fig.9 Binary diagrams illustrat-
ing the variation in (A) A33S-
5°*S and (B) A3S-A%S of
base-metal sulfides. The mantle
range for A%S is from Farquhar
(2002) and Bekker et al. (2009),
and for 8*S is from Lesher and
Burnham (2001) and Ripley and
Li (2003). The mantle ranges
for Cu/Pd (1,000-10,000) and
S/Se (2,632-4,350) are the same
as in Fig. 8. The pink, dashed
field highlights the composi-
tion of pyrite from Quetico
metasedimentary rocks from
Caglioti (2023). Error bars for S
isotopes are 26
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Table 1 Parameters for numerical modeling

Value  Note Reference
Silicate melt
Cug); 100 Similar to the values of the theoretical parental melt ~ Heggie (2012)
Pd,; 0.01 to the Current deposit.
Cu/Pdg; 10000
N 400 Similar to the median S content of unmineralized Cundari et al. (2021)
dikes and volcanic rocks in the Midcontinent Rift
north of Lake Superior.
Segii 0.10 Calculated by maintaining a mantle S/Se ratio of Brzozowski et al. (2021)
4,000.
S/Seg; 4000  Within the range of mantle values (2,632-4,350). Eckstrand and Hulbert (1987), Palme and O’Neil
(2014)
ABS 0 Within the range of mantle S isotope values.
Sulfide liquid
Cugy; 80000  Within the range of metal tenors in the Current Kerr (2003)
Py 25 deposit. Calculated using assay data and the method
of Kerr (2003).
Sl 360000 Sulfur content similar to pyrrhotite-pentlandite-
chalcopyrite.
Segui 10 Within the range of bulk-rock values of other Ni-Cu— Queffurus and Barnes (2015)
PGE deposits globally. Minimum value required to
generate the high S/Se ratios observed in the Cur-
rent sulfides. Does not significantly affect the model
at high R factors (>1,000).
S/Seg; 36000 Serves as the starting contaminated composition.
APS i (Model 1) 0.1 Model in which the contaminant has a mantle-like
APS value.
A®S . (Model 2) 0.3 Model in which the contaminant has a A**S value Caglioti, unpublished MSc thesis

similar to sedimentary pyrite of the Archean

Quetico Subprovince.
AP, (Model 3)
ABS_,; (Model 4)
APS ;. (Model 5) 10

Other parameters

—

3 heavier than mantle.

R 100

R® 0.11

AS it 0.00

Dl 2130  Maximum sulfide liquid-silicate melt partition coef-
DM 536000 ficients.

D% 2339

sul-sil

Models in which the contaminant has A*3S values

Farquhar and Wing (2003, 2005), Farquhar et al. (2010)

Ripley and Li (2003)
Barnes and Ripley (2016)

All concentrations are in ppm. S isotopes are in permille

from the model curves and distribution of Current data.
First, it seems unlikely that the contaminant(s) had ABS
values greater than 3%o as the Current data have S/Se values
notably higher than those predicted by models using such
contaminants (Fig. 10C). Second, none of the contaminant
models individually can explain the distribution of BMS
compositions at Current, with some BMS having mantle-like
A®S, but elevated S/Se values, and others having high A*S,
but mantle-like S/Se values (Fig. 10C). The elevated Cu/
Pd values of the 437-SEA Zone (Fig. 10A, B) indicate that
the silicate melt(s) from which they crystallized must have

lost < 0.1% of their sulfide liquid prior to or during intrusion
(Fig. 10A, B). It is possible that the elevated S/Se values in
this zone are also the result of sulfide removal rather than
contamination. This scenario seems unlikely, however, as
generating S/Se values in the range of 6,000 would require
removal of > 10% sulfide liquid from the melt, which would
have severely depleted the melt in Pd (Fig. 10). Rather, the
distribution of data suggests that the Current magmac(s)
assimilated externally derived S from isotopically distinct
reservoirs, some of which had mantle-like A**S and others
that had high A*}S values of up to 3%o (Fig. 10C).
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Fig. 10 Binary diagrams illustrating the modeled variations in (A) S/
Se-bulk-rock Cu/Pd, (B) A**S-bulk-rock Cu/Pd, and (C) A¥S-S/Se
as a function of variable R factor and contamination by rocks with
different A®S values (colored, solid lines). The green, dashed line
represents modeled compositional variations as a function of sulfide
liquid removal. The colored fields represent the S/Se ratio of primary
chalcopyrite—cubanite—pyrrhotite—pentlandite in the different mineral-

Fig. 11 Binary diagram illustrating the variation in bulk-rock Cu/Pd
and Pd in the Current deposit. The colored fields represent the dis-
tribution of data for the Current-Bridge and Beaver—Cloud zones,
whereas the data points represent the 437-SEA Zone. The solid
curves represent modeled variations as a function of R factor and
sulfide abundance. The dashed curve represents modeled variations
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ized zones and bulk-rock Cu/Pd. References for the mantle ranges are
the same as those in Fig. 9. The purple and pink dashed fields rep-
resents the bulk-rock Cu/Pd ratio of Archean granitic and metasedi-
mentary country rock and S/Se of its pyrite; data for metasedimentary
pyrite is from Caglioti (2023). The numbers on the model curves rep-
resent R factor and the degree of sulfide liquid removal

as a function of sulfide liquid removal. The Cu—Pd contents of the
starting melt and the sulfide liquid—silicate melt partition coefficients
are provided in Table 1. The numbers on the curve represent sulfide
percent, either as the amount present in the rock (in the case of the R
factor models) or the amount of sulfide liquid removed (in the case of
the sulfide segregation model)
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The MIF signal recorded by some BMS in the Cur-
rent—Bridge and Beaver—Cloud zones (Fig. 10C), therefore,
likely originated from the addition of S with elevated A**S
from Archean rocks at depth. In contrast, the mantle-like
A®S and elevated S/Se values that largely characterize BMS
in the 437-SEA Zone likely record assimilation of S from
the local metasedimentary country rocks, which exhibit
similar geochemical—isotopic signatures (Fig. 10C). This is
consistent with the fact that the 437-SEA Zone was one of
the final zones to have remained magmatically active in the
Current intrusion, as evidenced by the lithologic layering
in this zone that could only have been developed as a result
of relatively closed-system fractional crystallization when
the magmatic system was waning (ESM 1 Fig. S1) (Heggie
et al. 2015). This portion of the conduit would, therefore,
have experienced the greatest contact time with the meta-
sedimentary country rocks, increasing the amount of meta-
sedimentary S that was added to the magma.

An implication of this interpretation is that the sulfide
liquid formed at depth and was carried upwards, the pos-
sibility of which has long been questioned (Lesher 2019).
Recent numerical simulations and textural evidence, how-
ever, demonstrate that dense sulfide liquids may be trans-
ported upwards by attachment to vapor bubbles in shal-
low, degassing magmas (Yao et al. 2019; Yao and Mungall
2020). Barnes et al. (2019) demonstrated this concept for
the Norilsk ores, where they identified segregated sulfide
globules capped by highly fractionated, residual silicate melt
(i.e., sulfide liquid + vapor bubble). A similar textural variety
of sulfide occurs at Current (Fig. 5D), suggesting that the
Current magma(s) were degassing during transport, which
may have supported the upward movement of sulfide liquid.

Remobilization of metals

The peridotite host rocks of the Current deposit are perva-
sively serpentinized. This, along with several lines of min-
eralogical and geochemical evidence, support the idea that
late-stage hydrothermal fluids circulated through the host
rocks of the deposit. This evidence includes 1) the ubiquity
of secondary pyrite and millerite after pyrrhotite and pent-
landite, respectively (Fig. SH-J, L), ii) the occurrence of
pyrrhotite and pentlandite veinlets that crosscut secondary
pyrite (Fig. 5G), iii) the presence of chalcopyrite restricted
to patches of late-stage hydrous minerals (Fig. 5J), iv) the
lack of correlation between bulk-rock S and base—precious
metals (e.g., Cu and Pd) for a subpopulation of samples from
the deposit (Fig. 4A, B), and v) the occurrence of gersdorf-
fite with pyrite (Fig. SN). Although gersdorffite can crystal-
lize from sulfide liquids (Hem and Makovicky 2004), the
generally low As content of the primary BMS at Current
(Fig. 7], ESM 2 Table S3) suggests that the As content of

the original sulfide liquid was low, precluding the possibil-
ity of gersdorffite being a magmatic phase. Such a low As
content in BMS is consistent with the fact that As is often
undersaturated in sulfide liquid unless it was added to the
silicate magma via assimilation of an As-rich contaminant
(Smith et al. 2021).

Given the presence of pyrite after pyrrhotite (Fig. SH) and
millerite after pentlandite (Fig. 5L), it is clear that at least
some amount of Fe and Ni must have been remobilized since
pyrrhotite has a higher Fe content than pyrite (~62 wt. %
vs.~47 wt. %), and pentlandite has a lower Ni and higher Fe
content than millerite (~34 wt. % vs.~65 wt. % Ni and ~ 33
wt. % vs. 0 wt. % Fe). The replacement of pyrrhotite by
pyrite and pentlandite by millerite would, therefore, release
Fe to the fluid, whereas the latter reaction would sequester
Ni from the fluid; although the source of this additional Ni
is uncertain, it could have originated from the olivine that
was pervasively serpentinized, as has been demonstrated in
the serpentinized Huangshandong Ni—Cu sulfide deposit
in northwestern China (Wang et al. 2021). Mobilization of
Fe and Ni is also consistent with the occurrence of pyrrho-
tite and pentlandite veinlets that crosscut pyrite (Fig. 5G),
implying that this textural variety of pyrrhotite and pentlan-
dite must have crystallized from fluids that circulated after
the replacement of primary pyrrhotite by pyrite, as well as
the occurrence of gersdorffite (Fig. 5N). Although removal
of Fe can sufficiently explain the replacement of pyrrhotite
by pyrite, it is likely that S was also added during this reac-
tion. This is evident by the lack of correlation between bulk-
rock S and metals in some samples from the Current deposit
(Fig. 4A, B), indicating that S was likely mobile.

Considering that pyrite has a relatively invariable S con-
tent of ~53 wt. % and the Se content of pyrrhotite exhib-
its relatively limited variability (50-223 ppm), the large
range in S/Se values exhibited by pyrite (Fig. 8B) cannot be
entirely the result of S addition during pyrrhotite replace-
ment as this would result in a maximum S/Se value in pyrite
of 10,600 (530,000 ppm S / 50 ppm Se), whereas pyrite
in the Current deposit exhibits values as high as 64,000
(Fig. 8B). Accordingly, some Se must have been released
from pyrrhotite to the fluid as it was replaced by pyrite; this
is consistent with the greater range in Se content of pyrite
that extends to notably lower values (as low as 23 ppm)
than the majority of pyrrhotite (Fig. 7L). Given that Se is
thought to be most mobile in acidic, saline, and oxidizing
fluids (Prichard et al. 2013), this implies that the fluids that
reacted with and replaced pyrrhotite and pentlandite by
pyrite and millerite, respectively, had low pH, high salinity,
and high fO,. Importantly, these are also conditions under
which several metals may be mobilized, including some of
the PGE (Mountain and Wood 1988; Pan and Wood 1994,
Wood 2002; Hanley et al. 2005; Liu and McPhail 2005),
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although recent studies suggest these strict conditions may
not be a requirement for metal mobilization (Sullivan et al.
2022).

Despite favorable fluid conditions for the mobility of the
PPGE, the range of concentrations of Pd and Pt, as well as
Au, in pyrrhotite and pyrite are largely indistinguishable,
implying that the replacement reaction did not add or remo-
bilize these metals (Fig. 7B-D). This is consistent with the
positive correlations between bulk-rock Pd-Pt (Fig. 4C) and
Pd-Ir (Fig. 4D). The IPGE (Ir, Os, and Ru) extend to lower
concentrations in pyrite compared to pyrrhotite (Fig. 7TE-G).
Although these lower concentrations may result from IPGE
remobilization by a hydrothermal fluid, large-scale remo-
bilization seems unlikely given that the IPGE are generally
considered immobile relative to, for example, Pd (Xiong and
Wood 2000; Wood 2002; Sullivan et al. 2022). Given the
lower concentrations of Sn and Bi in pyrite compared to
pyrrhotite, it is likely that the lower IPGE content in pyrite
relates to the formation of IPGE-Sn—Bi-Pb-bearing PGM,
which are heterogeneously distributed throughout pyrite,
as well as other BMS (ESM 1 Fig. S2) and were excluded
from integration regions when processing laser ablation
spectra. The higher As content of pyrite relative to pyrrho-
tite (Fig. 7J) suggests that As was added to the system by
the hydrothermal fluid that replaced pyrrhotite by pyrite.
This is consistent with the presence of gersdorffite (Fig. SN)
and the mobility of As in Ni-Cu—PGE deposits (Gervilla
and Kojonen 2002; Le Vaillant et al. 2015, 2016). Similarly,
the concentration of Co extends to notably higher values in
pyrite relative to pyrrhotite, suggesting that it was also added
to the mineralizing system (Fig. 7A). Given that Ag does
not generally occur as an independent mineral (apart from
electrum), its lower concentration in pyrite relative to pyr-
rhotite (Fig. 7H) suggests that it was remobilized from the
BMS assemblage during replacement of pyrrhotite by pyrite.

Although not related to the replacement of pyrrhotite by
pyrite, Cu was also likely remobilized given i) the occur-
rence of some chalcopyrite within hydrous mineral assem-
blages (Fig. 5J) (cf. Brzozowski et al. 2020) and ii) the lack
of correlation between bulk-rock Cu and S in a subpopula-
tion of samples from the Current deposit (Fig. 4A). This Cu
could not have been added to the system, however, as such
a process would generate a vertical trend in bulk-rock Cu/
Pd vs. Pd space, which is not observed (Fig. 11). Rather, it
must have been remobilized within the system.

These results have important implications for the Cur-
rent deposit because they demonstrate that metals were vari-
ably mobilized by late-stage hydrothermal processes. At the
deposit scale, the tenors of Cu and Pd were not affected by
this event, as is evident by their coherent behavior in Cu/Pd
vs. Pd space (Fig. 11). The IPGE tenors were also unaffected
by this event, but their hosts were modified, with As-bearing
IPGM becoming a host as a result late-stage As addition.
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The Ni and Co tenors of the deposit were likely improved
during hydrothermal circulation given the presence of mill-
erite after pentlandite, the latter of which has a higher Ni
content, and the higher concentration of Co in pyrite after
pyrrhotite. In contrast, the Ag tenor of the deposit was likely
reduced by removal from the mineralizing system as evi-
denced by its lower concentration in pyrite after pyrrhotite.

Feeder zone and direction of magma flow

The direction of magma flow, and hence the location of the
magma feeder zone, remain topics of contention in the Cur-
rent deposit, with both SE to NW magma flow and NW to
SE magma flow both being suggested (Bleeker et al. 2020).
Three physicochemically distinct features of the SEA point
towards a model whereby magma flow in the Current intru-
sion was from SE to NW, suggesting that the SEA could
have been the feeder zone to the intrusion.

Loss of sulfide liquid

The SEA is the only zone in the Current intrusion to be char-
acterized by Cu/Pd values that are elevated relative to mantle
values (Fig. 10A, B), indicating that it is the only zone to
have crystallized from Pd-depleted magma that lost sulfide
liquid after it had equilibrated with the silicate magma and
scavenged metals (Figs. 10 and 11). Given this, and the fact
that bulk-rock Cu/Pd ratios throughout the Current deposit
show relatively limited variability (Fig. 11), this loss of
sulfide liquid was likely a local event, which we suggest
is the removal of sulfide liquid via drainage down towards
deeper portions of the intrusive system below the SEA. This
suggestion is consistent with the lower Pd contents of pent-
landite in this zone compared to pentlandite in the other
zones of the deposit (ESM 2 Table S3). Such backflow of
sulfide liquid towards deeper portions of an intrusive system
has been described by Barnes et al. (2015a). Additionally, Pd
depletion is also a feature of the feeder zone to the Marathon
conduit-type magmatic sulfide deposit (Good et al. 2015).
Loss of sulfide liquid requires this region of the deposit to
have experienced a period of decreased magmatic activity,
otherwise the sulfide liquid would likely have remained in
suspension, resulting in mineralization that was similar to
the other portions of the Current deposit, with no Pd deple-
tion, but this is not observed. A decrease in magmatic activ-
ity would have allowed for more efficient settling of sulfide
liquid droplets or percolation of sulfide liquid through pore
spaces between silicate minerals, promoting the removal of
sulfide liquid from the SEA. In the case of percolation, it was
demonstrated by Mungall and Su (2005) that a sulfide liquid
would not be capable of percolating through a cumulate pile
by capillary forces, but could be forced through pore spaces
by the flow of the enclosing silicate melt. Accordingly, if
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magmatic activity in the SEA decreased, backflow of the
magma could have forced the sulfide liquid through grain
boundaries, allowing it to percolate through the cumulate
pile and to be removed from the SEA. Additionally, main-
taining this Pd-depleted signature in the magma from which
the SEA crystallized suggests that, after sulfide loss, the
metal content of the mineralizing system was not replenished
by significant influx of more primitive magma. Together,
these metal characteristics require that the Current deposit
crystallized in stages, with the SEA crystallizing last. In
such a scenario, the SEA would have acted as a relatively
independent system in its final stages prior to crystallization,
allowing the magma and sulfide liquid in this zone to acquire
distinct geochemical signatures resulting from loss of sulfide
liquid via gravity drainage, potentially down the feeder zone.
An alternative possibility to explain the Pd depletion in the
SEA is retention of sulfide liquid in traps at depth. This sce-
nario seems unlikely, however, because these traps would
have been upstream of the deposit, resulting in Pd deple-
tion in all of the zones of the Current deposit, which is not
observed (Figs. 10 and 11).

Progressive crystallization from northwest to southeast
could explain the recrystallized pyrrhotite observed through-
out the Current intrusion (Fig. 5F). Deformation could not
have caused this recrystallization because the intrusion
is undeformed (Kuntz et al. 2022). An alternative expla-
nation for the recrystallization is thermal metamorphism
(Good et al. 2015). This would have required two features
— 1) some portions of the Current intrusion would need
to have been significantly crystallized as pyrrhotite must
have already been present and it recrystallizes from MSS
at temperatures of <650 °C (Kullerud et al. 1969; Kelly
and Vaughan 1983; Ebel and Naldrett 1996; Lusk and Bray
2002), and ii) there must have been a sustained source of
heat. Both of these requirements would have been satisfied
in the progressive crystallization scenario, with the still
magmatically active 437-SEA Zone providing the neces-
sary heat. This direction of progressive crystallization is also
consistent with changes in the morphology of the intrusion,
with the shallower and thinner Current—Bridge Zone likely
having begun crystallizing prior to the deeper and thicker
Beaver—Cloud and 437-SEA zones (Figs. 2 and 3).

An alternative possibility to explain the Pd-depleted
nature of the SEA is equilibration of the Current magma,
flowing from northwest to southeast, with sulfide liquid. If
such a scenario were true, then one would expect a system-
atic depletion in Pd from Current-Bridge to Beaver—Cloud
to SEA, but this is not observed (Figs. 10 and 11). Addi-
tionally, it is difficult to conceive of a scenario whereby the
Current pluton would have intruded from shallower depths
(in the northwest) to greater depths (in the southeast).
Although magma may migrate along weaknesses in the
crust and be emplaced laterally, magma flow is principally

upwards, driven by buoyancy and pressure forces (Longo
et al. 2023). Given that the Southeast Anomaly occurs at a
depth of ~ 1000 m and the Current—Bridge Zone occurs at a
depth of ~50 m (Fig. 2b), it seems more likely for magma to
have flowed from southeast upwards towards the northwest.

Local source of S

Base-metal sulfides in the SEA record distinct S isotope
signatures compared to BMS in the other zones of the
deposit, having A**S values that are largely within the
range of mantle values compared to the A*3S values that
are higher than mantle in the other zones (Fig. 10). This
indicates that the sources of S that contributed to sulfide
saturation in the SEA were different than those which
contributed to saturation in the Current—Bridge and Bea-
ver—Cloud zones. Specifically, the magmas from which the
latter zones crystallized likely became sulfide saturated by
addition of S from a source at depth, whereas S from the
local metasedimentary country rocks was also added to the
magma from which the SEA crystallized (Fig. 10c). Addi-
tion of local S to the magma from which the SEA crystal-
lized, and the lack of evidence for this addition elsewhere
in the Current intrusion, can be explained by increased con-
tact time between the SEA magma and the country rock,
which would have allowed for greater diffusive transfer of
S into the SEA magma (Robertson et al. 2015a; Barnes
and Robertson 2019). Although local S addition could
also have occurred via bulk assimilation as a result of, for
example, erosion of the conduit floor, this seems unlikely
as there is no evidence of bulk-rock contamination: i) par-
tially assimilated xenoliths of country rock material are not
observed in the SEA, ii) addition of significant amounts of
siliceous country rock material would have resulted in the
crystallization of orthopyroxene, but orthopyroxene is rare
at Current, and iii) rocks throughout the Current intrusion,
including the SEA, have Th/La ratios that are systemati-
cally lower than mantle values (0.07-0.1; Chaffee 2015;
Yahia et al. 2022). Local addition of S only in the SEA
implies that the flow of the SEA magma was restricted to
the southeast portion of the Current intrusion, which is
hosted by metasedimentary country rock, and/or that the
magma was relatively stagnant in this area. It is likely that
both scenarios occurred for two reasons. First, sequential
crystallization of the Current intrusion from northwest to
southeast would have progressively isolated the SEA from
the other portions of the conduit, restricting magma flow to
portions of the conduit hosted by metasedimentary country
rock. Second, the Pd-depleted nature of the SEA (i.e., high
Cu/Pd ratios) requires that the magma from which it crys-
tallized lost sulfide liquid, which requires the SEA to have
experienced a period of decreased magmatic activity that
would have promoted gravitational settling. This decreased
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magmatic activity would have allowed the SEA magma to
stagnate in contact with the metasedimentary country rock.
Considering that the Pd content of pentlandite is lower in
the SEA compared to the other zones in the Current deposit
(ESM 2 Table S3), it is likely that this local addition of S
triggered a separate sulfide saturation event in the SEA
magma during and/or after the removal of earlier-formed
sulfide liquid. The removal of earlier-formed sulfide liquid
would have depleted the magma in Pd, as well as other met-
als, as demonstrated by the Rayleigh fractionation model
in Figs. 10 and 11, such that the locally formed sulfide
liquid was depleted in Pd, now recorded as Pd-depleted
pentlandite.

Lithological layering

The above geochemical—isotopic characteristics that are
unique to the SEA (elevated bulk-rock Cu/Pd, elevated S/Se
ratios in sulfides, and mantle-like A*3S values in sulfides)
suggest that this zone was potentially the final portion of
the Current conduit to have crystallized. This interpretation
is supported by the lithologic layering and accompanied
changes in major—minor-element chemistry along drillhole
that is observed only in this zone (Heggie et al. 2015). From
base to top, this layering comprises peridotite, melagabbro,
upper oxide gabbro, and quartz-bearing gabbro/monzonite,
and is accompanied by systematic decreases in MgO—-Cr and
increases in Al,O; up drillhole (ESM 1 Fig. S1). Such layer-
ing in the SEA, which is also observed in other conduit-type
systems (e.g., Kabanga, Uitkomst, Eastern Gabbro; Gauert
et al. 1995; Li et al. 2002; Maier et al. 2011; Cao et al. 2019),
could have formed via closed-system fractional crystalliza-
tion (Heggie et al. 2015) or open-system processes, such
as slumping and saltation. Although it is difficult to distin-
guish between closed- vs. open-system processes with the
available data, we suggest that the layering was the result of
essentially closed-system processes for three reasons. First,
the systematic changes in major-minor-element chemistry
from the peridotite to the quartz-bearing gabbro/monzonite
mimic the geochemical variation expected during fractiona-
tion of a magma. Second, there is a lack of rhythmic layering
in the SEA, which may be expected if the layering formed by
repeated magma replenishment followed by crystallization
on the wall rock and collapse (Shaw 1997). Lastly, there is
no evidence in drill core for folding of the lithologic layers,
which may be expected if the layering formed as a result
of slumping (Shaw 1997). We, therefore, suggest that the
series of rock types that make up the SEA were the result
of magmatic fractionation. This process occurred once the
energy of the magmatic system waned and the conduit was
no longer being replenished by magma.
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Taken together, i) the Pd-depleted nature of the magma
from which the SEA crystallized, ii) the distinct source of
S that contributed to sulfide saturation in this zone, and iii)
the lithological layering observed in this zone indicate that
the SEA was the final zone to have crystallized and is, there-
fore, the feeder to the Current intrusion. This indicates that
magma flow in the Current intrusion was from southeast to
northwest.

Deposit model for the Current Ni-Cu-PGE system

We have developed a holistic mineral deposit model for the
Current Ni-Cu—PGE deposit that incorporates the miner-
alogical-geochemical-isotopic features characterized here
with the physical features of the intrusion. This model
highlights the key mineralizing processes that operated
throughout the intrusion to generate the mineralization,
as well as how these processes changed as the mineraliz-
ing system evolved. Consider a shallow-dipping conduit
that was emplaced at shallow levels into Archean meta-
sedimentary and granitic country rocks. During the early,
high-energy stage of system development, the conduit was
charged with multiple pulses of olivine- and sulfide-laden
magma (Fig. 12A). The sulfide liquid carried into the con-
duit formed at depth by the addition of S from Archean rocks
and was entrained upwards, perhaps facilitated by the pres-
ence of vapor bubbles (Fig. 5C), and was initially character-
ized by elevated S/Se and A*S (up to 3%o) values. During
intervals of magmatic quiescence, the magma flowed down
the conduit, carrying with it some of the olivine and sulfide
liquid that it introduced (Fig. 12A). This process of influx
and backflow could have generated eddy currents, aiding
the entrained sulfide liquid in interacting with silicate melt
(Fig. 12A). The high R factors (> 1,000) achieved would
have largely diluted the geochemical (S/Se)—isotopic (A**S)
signatures of the assimilated Archean S, such that most of
the sulfide liquid would have been characterized by mantle-
like signatures, apart from those that interacted with lower
volumes of silicate melt.

During the low-energy stage of conduit development
when the magmatic system was beginning to wane, the
thinner morphology and/or shallow emplacement of the
Current—Bridge and Beaver—Cloud zones promoted their
early and rapid crystallization, closing them off to further
magmatic activity (Fig. 12B). These regions of the conduit
are characterized by high R factor, Pd-rich sulfides. The
SEA was still magmatically active during this stage, allow-
ing the composition of the resident magma and sulfide liq-
uid to be further modified by magmatic processes. Restric-
tion of magma flow to the portion of the conduit hosted by
metasedimentary country rock, and its eventual stagnation
in this area, allowed local S to be added to the magma,
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Fig. 12 Two-stage schematic model illustrating the processes that led to the formation of sulfide liquid and its subsequent enrichment in metals
in the Current deposit — (A) high-energy stage and (B) waning stage of magmatic activity

generating additional sulfide liquid with distinct S isotope
compositions. During periods of magmatic quiescence,
olivine, clinopyroxene, and sulfide liquid drained down the
conduit and, potentially, accumulated in the feeder zone,
decreasing the sulfide abundance and Pd content of the
SEA (Fig. 12B). The eventual cessation of the magmatic
system allowed the magma in the SEA to evolve via essen-
tially closed-system fractional crystallization, generating
the systematic change in lithology from primitive to more
evolved rocks up stratigraphy (Fig. 12B). After crystalli-
zation, circulation of hydrothermal fluids altered the host

rocks and mineralization, which remobilized some of the
metals.

Comparison to the architecture of other Ni-Cu-PGE
deposits

Intrusions can exhibit a range of geometries, including
channelized subvolcanic sills (e.g., Norilsk, Russia and
Uitkomst, South Africa; Gauert et al. 1995; Naldrett and
Lightfoot 1999; Maier et al. 2004), tube-like conduits (e.g.,
Nebo Babel, Australia and Limoiera, Brazil; Seat et al. 2007,
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Mota-e-Silva et al. 2013), and feeder dikes that link ver-
tically separated sills (e.g., Voisey’s Bay, Canada; Evans-
Lamswood et al. 2000). Although the Current deposit is
classified as a conduit-type intrusion, its architecture falls
into multiple of the aforementioned intrusion geometries
depending on the location within the mineralized system.
Specifically, the granite-hosted Current—-Bridge Zone is
characterized by a tube-like geometry similar to Nebo Babel,
Limoiera, and Uitkomst, whereas the sedimentary-hosted
Beaver—Cloud and 437-SEA zones have more ribbon-like
geometries, being notably wider than they are thick, similar
to Norilsk (Figs. 2 and 3). This change in geometry occurs
abruptly at the contact between the rheologically distinct
granite and sedimentary country rocks (Figs. 2 and 3).
Although it is known that crustal-scale weaknesses exhibit
fundamental controls on magma migration and intrusion
geometry, the Current intrusion is one of few magmatic
systems in which this is unambiguously demonstrated. This
contrasts with Nebo Babel, Limoiera, and Uitkomst, which
intruded into either intrusive or sedimentary country rock
and exhibit comparatively invariable geometries along their
lengths (Maier et al. 2004; Seat et al. 2007; Mota-e-Silva
et al. 2013). One peculiarity of the geometry of the Current
intrusion is that, unlike most magmatic intrusions, it thick-
ens towards the feeder zone (Fig. 2). Considering that both
the Beaver—Cloud Zone and SEA coincide with the Quetico
and Escape Lake fault zones, respectively, and both zones
are thick relative to the Current—Bridge Zone (Fig. 2), it is
suggested that this thickening resulted from exploitation of a
crustal weakness. The Current intrusion, therefore, serves as
a prime example of how country rock rheology and crustal
weakness control intrusion architecture.

Conclusions

The Current deposit represents one of the best examples of a
conduit-type Ni-Cu—PGE sulfide deposit. This tube-shaped
intrusion was emplaced into Archean metasedimentary and
granitic rocks, and records a variety of magmatic and post-
magmatic processes in the texture, and trace-element and S
isotope composition of its diverse BMS assemblage.

1. Saturation of the Current magmas in sulfide and genera-
tion of a sulfide liquid resulted from addition of exter-
nal S from at least two sources, one located at depth
(A%S <3%0) and the other being the local Archean
metasedimentary country rocks (A33S <0.3%0).

2. The Current intrusion crystallized sequentially, from
the Current-Bridge Zone towards the 437-SEA Zone.
This, along with the elevated Cu/Pd ratios, distinct
source of S, and igneous layering in the 437-SEA
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Zone, suggests that it represents the feeder channel to
the Current deposit.

3. The BMS mineralogy was modified by the circulation of
hydrothermal fluids through the rocks, with pyrrhotite
being replaced by pyrite and pentlandite being replaced
by millerite. This fluid activity mobilized several metals
and semi-metals, including Fe, Ni, S, Se, Co, Cu, As,
and Ag, but did not affect the PGE.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-023-01193-9.
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ABSTRACT

The Thunder Bay North Intrusive Com-
plex (TBNIC) of Canada comprises six vari-
ably Ni—Cu-platinum-group element (PGE)-
mineralized mafic—ultramafic intrusions that
intruded the Archean Quetico Subprovince.
These are the Current, Escape, Lone Island,
Greenwich, and 025 intrusions, with the for-
mer three aligned along an east-west-trend-
ing intrusion termed the East-West Corridor.
These intrusions have a consistent igneous
stratigraphy comprising, from bottom to
top, peridotite, gabbros, and quartz gabbro.
Only the Current and Escape intrusions are
known to host sulfide mineralization in the
peridotite. Despite the economic significance
of the TBNIC, little work has been done to
characterize its petrogenetic evolution and
the causes of the apparent variable fertility.
Our new ages for Escape (1107.6 * 0.9 Ma)
and Greenwich (1105.7 £ 0.9 Ma), com-
bined with previously determined ages for
Current (1106.6 = 1.6 Ma) and Lone Island
(1106.3 £ 2.1 Ma), demonstrate that the
TBNIC was emplaced as part of the ca. 1.1 Ga
Midcontinent Rift event. The similarities in
their rare earth element geochemistry and
consistently low Th/La-Sr; values indicate
that the intrusions crystallized from geneti-
cally related magmas that did not assimilate
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significant amounts of crustal material. Ac-
cordingly, their systematically negative eNd,
values and Nb anomalies likely reflect that
their parent magmas were largely sourced
from the subdcontinental lithospheric man-
tle and not the Keweenaw Plume. Given their
genetic relationship, the variable fertility of
the intrusions cannot be related to processes
that occurred in their mantle sources. Since
the gabbros have systematically depleted Cu/
Zr—Cu/Pd ratios and the peridotites have en-
riched ratios, the apparent variable fertility
is likely related to the timing and location of
sulfide segregation and accumulation, with
the barren gabbros preserving magmas that
lost sulfide liquid during transport to shallow
crustal levels, and the mineralized peridotites
recording accumulation of sulfide liquid. This
interpretation has important implications for
exploration as it implies that sulfide miner-
alization in the apparently barren intrusions
may be located at depth in undiscovered ul-
tramafic cumulates.

1. INTRODUCTION

The ca. 1.1 Ga North American Midconti-
nent Rift System (MRS) is a failed intra-cra-
tonic rift that preserves >4,000,000 km? of
magmatism as basalt sheets and flows (e.g.,
Coubran basalt, Wolfcamp basalt, and Osler
Volcanic Group), mafic sills (e.g., Nipigon,
Mclntyre, Logan, Inspiration, Shillabeer, and
Jackfish sills), mafic—ultramafic chonoliths
(e.g., Seagull, Sunday Lake, Thunder, Eagle,
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Tamarack) and layered intrusions (e.g., Duluth
Complex), and alkaline complexes (e.g., Cold-
well Complex), all of which were emplaced
over ~30 m.y. (Fig. 1) (Hutchinson et al., 1990;
Cannon, 1992; Klewin and Shirey, 1992; Davis
and Green, 1997; Bleeker et al., 2020; Wood-
ruff et al., 2020). It has long been suggested
that the magmas from which these rock suites
crystallized originated from the partial melting
of the Keweenaw Plume that impinged upon
the crust beneath what is now Wisconsin, USA
(Hutchinson et al., 1990; Nicholson and Shirey,
1990; Nicholson et al., 1997). Building on the
work of Shirey et al. (1994) and Shirey (1997),
which demonstrated significant contributions
of subcontinental lithospheric mantle (SCLM)
material to the basaltic packages of the MRS,
Brzozowski et al. (2023b) demonstrated that
several of the early mafic—ultramafic intrusions
(i.e., Eva Kitto, Thunder, Seagull; Fig. 1) and
sills (i.e., Shillabeer, Jackfish; Fig. 1) crystal-
lized from melts that were derived largely
from partial melting of an enriched SCLM,
with variably minor contributions from the
Keweenaw Plume and generally limited con-
tributions from crustal material. Although the
mineralogy, lithology, mineralization, and
petrogenesis of many of these intrusions has
been characterized, the petrogenetic evolu-
tion of the variably mineralized Thunder Bay
North Intrusive Complex as a whole remains
ambiguous (Brzozowski et al., 2023a; Caglioti,
2023), yet is one of only two mineralized sys-
tems in the northeast portion of the MRS that
is of current economic significance (Ciuculescu
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Figure 1. Geologic map of the North American Midcontinent Rift System showing the
distribution of rock types and the locations of variably Ni-Cu-platinum-group element
(PGE)-mineralized mafic-ultramafic intrusions and sills (modified from Good et al., 2015).
TBNIC—Thunder Bay North Intrusive Complex (Canada).

et al., 2023), with the Eastern Gabbro of the
Coldwell Complex being the other (Bradfield
et al., 2020).

The Thunder Bay North Intrusive Complex
(TBNIC) comprises a series of mafic—ultra-
mafic intrusions that, from east to west, are
termed Lone Island, Escape, 025, Current, and
Greenwich (Fig. 2A) (Yahia, 2024). Some of
these intrusions (Current, Escape, and Lone
Island) appear to be connected by an east—west-
trending structure that parallels the Escape Lake
Fault and that contains thin mafic dikes that are
here termed the East—-West Corridor (Fig. 2A).
Of the intrusions that comprise the TBNIC, only
the Current and Escape host economic Ni-Cu—
platinum-group element (PGE) sulfide min-
eralization in their ultramafic portions. In the
MRS, there is an apparent relationship between
SCLM-derived magmas and PGE-rich sulfide
mineralization (Good et al., 2021; Brzozowski
et al., 2022, 2023b). Additionally, the evolution
of several mineralized and barren MRS-related
rock suites was modified by assimilation of vari-
able amounts of crustal material (e.g., Nipigon

sills; Hollings et al., 2007a, 2007b; Brzozowski
et al., 2023b). Considering the importance of
source characteristics to the formation of eco-
nomically significant magmatic sulfide depos-
its (Zhang et al., 2008; Richardson and Shirey,
2008; Maier and Groves, 2011; Zhao et al.,
2024; Ezad et al., 20244, 2024b), as well as deri-
vation of externally derived S to achieving sul-
fide saturation (Ripley and Li, 2013), the occur-
rence of variably mineralized, spatiotemporally
associated intrusions in the TBNIC raises sev-
eral questions about its petrogenetic evolution.
(1) Are the six intrusions genetically related? (2)
Were the magmas from which these intrusions
crystallized sourced from the Keweenaw Plume
or the SCLM? (3) Were the magmas contami-
nated during transport and emplacement in the
crust? (4) Why do only two of the six intrusions
contain significant sulfide mineralization? (5)
What is the relationship of the barren gabbroic
rocks to the variably mineralized peridotites?
To address these questions, we integrate field
relationships with high-precision bulk-rock geo-
chemical data, Rb—Sr and Sm—-Nd isotopes, and
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geochronology of these intrusions. Clarifying
these fundamental questions will not only help
to develop robust exploration strategies in the
TBNIC, but also advance our understanding of
the evolution of the MRS and the formation of
Ni—Cu-PGE-mineralized systems, and provide
pathways to explore for additional mineraliza-
tion in seemingly variably mineralized intrusive
complexes.

2. GEOLOGY OF THE THUNDER BAY
NORTH INTRUSIVE COMPLEX

The TBNIC comprises a total of six mafic—
ultramafic intrusions that were emplaced into
metasedimentary and granitic country rocks
of the Quetico Subprovince (Fig. 2A) (Yahia,
2024). The Current, Escape, and Lone Island
intrusions straddle the east—west-trending
Quetico Fault and appear to be connected by
the east—west-trending dikes-sills of the East—
‘West Corridor, whereas the 025 and Greenwich
intrusions occur to the northwest and northeast
of the Current intrusion, respectively (Fig. 2A).
To date, exploration efforts have focused on
the Current and Escape intrusions as they host
economically significant Ni-Cu—PGE sulfide
mineralization in the form of the Current and
Escape deposits. The morphology, lithology,
and stratigraphy of these intrusions have, there-
fore, been characterized to a greater degree than
the other intrusions.

The 1106.6 £ 1.6 Ma Current intrusion is an
~5-km-long intrusion that trends in a northwest
direction and dips shallowly from near surface in
the northwest to a depth of >1000 m at the drill
defined southeastern extent (Fig. 2B) (Chaffee,
2015; Bleeker et al., 2020). The morphology
of the intrusion changes along its strike and is
best described as a chonolith that progressively
increases in cross-sectional area from NW to SE.
The portion north of the Quetico Fault is tubu-
lar and relatively flat lying, whereas the portion
south of the fault system is thicker, tabular, and
dips toward the southeast at an angle of 10°-15°
(Fig. 2B) (Brzozowski et al., 2023a). The chono-
lith has been broadly subdivided into three zones
based on location: (1) the Current—Bridge Zone
to the north (i.e., everything west of 357,900 m
E), (2) the 437 Zone—Southeast Anomaly (SEA)
to the south (i.e., everything east of 359,500 m
E), and (3) the Beaver—Cloud Zone in between,
the latter two being hosted by Quetico metased-
imentary rock and the former being hosted by
Quetico granitic rock (Fig. 2B). The 437 Zone—
SEA portion of the chonolith contains the thick-
est package of rock, with in excess of 600 m of
igneous stratigraphy comprising, from bottom
to top, peridotite, feldspathic peridotite, olivine
gabbro, oxide gabbro, gabbro, and quartz gab-
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bro (Fig. S1') (Heggie et al., 2015; Brzozowski
et al., 2023a). The Beaver—Cloud and Current—
Bridge zones that occur to the NW of the SEA

ISupplemental Material. Text SI1: Analytical
methods and assessment of mineral fractionation
on lambda values. Figure S1: Downhole variation
diagram through the Southeast Anomaly illustrating
the variation in MgO, ALO; TiO,, and Cr
(from Brzozowski et al., 2023a), plus images of
representative samples of mafic and ultramafic rocks
from the Current intrusion. Figure S2: Chondrite-
normalized REE profiles for the mafic—ultramafic
rocks of the TBNIC and the country rocks. Figure
S3: Binary diagrams illustrating the variations in eNd,
and ¥Sr/*Sr; as a function of Th/La for the mafic—
ultramafic rocks of the TBNIC and a metasedimentary
country rock sample. Figure S4: Binary diagrams
illustrating the variations in X\,—\, of the mafic—
ultramafic rocks of the TBNIC with MgO and X,.
Table S1: Bulk-rock geochemical data (raw) of mafic—
ultramafic rocks of the TBNIC and associated country
rocks. Please visit https://doi.org/10.1130/GSAB
.S.27237060 to access the supplemental material;
contact editing @ geosociety.org with any questions.

D Archean metasedimentary rock

D Lakes

comprise a stratigraphic profile dominated by the
basal peridotite and feldspathic peridotite, with a
gradual transition to overlying gabbro. The gab-
bro and quartz gabbro are volumetrically minor
components of the stratigraphy of these zones
of the chonolith. Xenoliths are common within
the upper gabbro and quartz gabbro. Although
some of these xenoliths are reflective of the
Quetico granite and metasedimentary country
rocks (Fig. S1), the most abundant are xenoliths
of quartz, interpreted to be restites from quartz
veins based on the occurrence of molybdenite
along fractures (Heggie et al., 2015). Given their
xenolith-rich nature, the upper gabbro and quartz
gabbro are excluded from petrogenetic interpre-
tations as their bulk-rock geochemical composi-
tions are not representative of the magma from
which they crystallized.

The Escape intrusion, which is located 3 km
to the west of and runs parallels to the Current
chonolith (Fig. 2A), has a down plunge extent
of ~6.5km long as defined by drilling and
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magnetic interpretation. Similarly, the intru-
sion has a chonolithic morphology, dips shal-
lowly, and increases in cross-sectional profile
to the southeast (Fig. 2C) (Caglioti, 2023). The
chonolith has been subdivided into four miner-
alized domains, which, from north to south, are
Steepledge, Escape North, Escape South, and the
High Grade Zone (Fig. 2C) (Ciuculescu et al.,
2023). The Steepledge Zone occurs north of the
Quetico Fault in Quetico granitic rock, whereas
the Escape North, South, and High Grade Zone
occur south of the fault system in Quetico
metasedimentary rock (Fig. 2C) (Caglioti, 2023).
The Steepledge Zone is characterized by a tall,
hourglass morphology. The Escape North Zone
trends E-W (Fig. 2C) and is characterized as a
narrow dike shape. The volumetrically larger
Escape South and High Grade zones (Fig. 2C)
have a more lopolithic morphology described
as a mushroom, with an upper cap and a lower
stem. The lithologies and stratigraphy observed
within the Escape chonolith are similar to those
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observed at Current, with lower olivine cumu-
lates transitioning up stratigraphy to olivine
gabbro, with more evolved ferro-gabbro, gab-
bro, and quartz gabbro occurring in the upper
portion of the chonolith. Similar to Current, the
upper gabbro and quartz gabbro typically con-
tain xenoliths of quartz.

Lone Island is an elliptical intrusion ~900 m
wide and up to 400 m thick emplaced into the
metasedimentary rock of the Quetico Sub-
province ~2 km west of the Escape intrusion
(Fig. 2A) (Heggie, 2010; Yahia, 2024). Gabbroic
rocks are volumetrically dominant, with a weakly
defined stratigraphy displaying some cryptic geo-
chemical cycles that laterally correlate to adja-
cent drill holes. The morphology of the intrusion
has been interpreted as a sill or lopolith.

The East—West Corridor is a linear magnetic
high feature that visually links the SE portions of
the Lone Island, Escape, and Current intrusions.
Exploration drilling completed on multiple sec-
tions along the strike of the magnetic lineament
identified thin (<5 m), sheeted mafic intrusions
emplaced into fractured and brecciated metased-
imentary rock interpreted to be the Escape Fault,
a splay off of the Quetico Fault (Fig. 2A) (Heg-
gie, 2010; Yahia, 2024). The mafic intrusions
display well developed chill margins that are
typically spherultic, and coarsen slightly toward
the centers, with phenocrysts of feldspar present.

The 025 intrusion occurs ~3 km northwest of
Current (Fig. 2A) and is the only intrusion within
the TBNIC that has olivine cumulate exposed at
surface (Yahia, 2024). The intrusion is small,
with a circular magnetic expression of ~200 m
in diameter. Based on the surface exposure and
the one drill hole through the intrusion, the
main lithology is fine-grained peridotite grading
upward into gabbro.

The Greenwich intrusion occurs ~4 km
northeast of the Current intrusion (Dumas and
Heggie, 2012; Yahia, 2024). It was identified as
an elliptical isolated magnetic high, with a diam-
eter of 300400 m. Two exploration diamond
drill holes tested the feature, and identified gab-
bro and melagabbro rocks, with a total thickness
of ~184 m (Fig. 2A).

3. RESULTS

Details of the analytical methods are provided
in the Supplemental Material, with the locations
of samples provided in Table S1 alongside bulk-
rock major- and trace-element geochemical data.

3.1. Zircon U-Pb Geochronology
Abundant skeletal zircon was recovered from

the quartz gabbro sample from the Escape intru-
sion. Clear apatite and fine-grained, pale brown
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baddeleyite are also present, but rare, and were
not selected for analysis. Although the zircons are
coarse grained (reaching lengths of >300 pm),
they contain inclusions of oxide minerals and are
typically stained a reddish-brown color. U-Pb
isotope results for four fractions of chemically
abraded, elongate skeletal zircon (typically 2-3
grains each per fraction) are presented in Table 1
and Figure 3A. These zircon grains are char-
acterized by moderately high U concentrations
(459-773 ppm) and relatively high Th/U ratios
(0.72-0.84). Model 7Pb/2%Pb ages calculated for
all four fractions fall consistently within the nar-
row range of 1107.7-1107.4 Ma, despite showing
variable discordance from perfectly concordant to
2.7% reversely discordant (Fig. 3A; Table 1). The
co-linearity of the isotope results for all four zircon
fractions allows for a precise calculated weighted
average 2Y’Pb/?%Pb age of 1107.6 + 0.9 Ma with
a high probability of fit (Fig. 3A).

The quartz gabbro sample from the East—West
Corridor intrusion yielded only a sparse number
of zircons of mostly irregular morphology and
low quality. The few zircon grains of accept-
able quality occur as anhedral, clear to slightly
clouded, colorless to pale brown crystals. Three
fractions of zircon were analyzed from this sam-
ple (Z1-Z3; Table 1; Figs. 3B and 3C). These zir-
con grains contain U contents of 146-222 ppm
and Th/U ratios of 0.48-0.99, with Z1 having the
highest ratios (Table 1). The U-Pb isotope results
for fraction Z1, a single, clear, colorless and
cracked fragment, partly overlaps the concordia
with a 29Pb/?38U age of 1070.5 + 2.3 Ma and
a 27Pb/?%Pb age of 1076.4 + 5.2 Ma (Fig. 3B);
the distinctly elevated Th/U ratio for this analy-
sis (0.99) is consistent with precipitation from a
mantle-derived basic magma. The U-Pb isotope
results of fractions Z2 and Z3, each comprising
two grains or grain fragments, have concordant
207Pb/2%6Ph ages of 2699.0 Ma and 2772.8 Ma,
respectively (Fig. 3C).

Only a meager population of zircon grains was
obtained from olivine gabbro in the SEA body,
consisting of small, irregular, altered, highly tur-
bid, and generally poor quality crystals that were
not suitable for U-Pb geochronology. Accord-
ingly, no age dates were obtained for the SEA.
Although no zircon grains were obtained from
the quartz gabbro sample from the Greenwich
intrusion, a robust population of fine-grained
(20-100 pm long), fresh, bladed and blocky
grains and grain fragments of baddeleyite was
recovered (Fig. 3D). Three analyzed fractions
of baddeleyite, each comprising 10—-12 grains,
all have high U (747-1177 ppm) and low Th/U
ratios of 0.07-0.09, consistent with relatively
pristine magmatic baddeleyite with little to no
magmatic zircon overgrowth (Table 1). U-Pb
isotope results for two fractions (Bd2, Bd3) fall
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within the concordia curve (0.1% and 0.2% dis-
cordant, respectively), whereas data for the third
fraction (Bd1) partly overlaps the concordia and
is 0.6% discordant (Fig. 3D). All three fractions
have nearly identical model 27Pb/?Pb ages
of 1105.8-1105.7 Ma, and collectively give a
weighted average age of 1105.7 £ 0.9 Ma with
a high degree of fit (Table 1; Fig. 3D).

3.2. Bulk-Rock Geochemistry

3.2.1. Major-Element Chemistry

Bulk-rock major- and trace-element composi-
tions of the peridotites and gabbros that com-
prise the various intrusions of the TBNIC, as
well as the country rocks into which the intru-
sions were emplaced, are presented in Table S1.
All diagrams and discussions in the text refer to
concentrations that have been recalculated to be
100% anhydrous. The major-element composi-
tions of these rocks are illustrated in binary dia-
grams of MgO-CaO, MgO-Al,0O;, and MgO-
P,0Os (Fig. 4), alongside stoichiometric mineral
compositions to allow for assessment of the
main minerals present in the rocks.

The mafic—ultramafic rocks at Current,
Escape, and 025 are compositionally similar,
and can be subdivided into two broad groups,
one at MgO >15 wt% (i.e., peridotite) and the
other at MgO <15 wt% (i.e., gabbros) (Figs. 4A
and 4B). The peridotites of the Current, Escape,
and 025 intrusions exhibit positive correlations
between MgO—-CaO and MgO-Al,O;, and fall
within the triangular area formed by connecting
the forsteritic olivine, clinopyroxene, and plagio-
clase mineral nodes (Figs. 4A and 4B). It should
be noted that, for Escape, two trends are evident
in MgO-AL,O; space, one overlapping the Cur-
rent data and the other occurring at a shallower
slope trending toward slightly more diopsidic
clinopyroxene (Fig. 4B). The gabbros exhibit a
positive correlation between MgO-CaO and a
negative correlation between MgO-AlL,O; that
has a steeper slope than the peridotites; this
group of rocks plot along a trend between the
clinopyroxene and plagioclase mineral nodes
(Figs. 4A and 4B). Both the gabbros and peri-
dotites exhibit negative correlations between
MgO-P,0s, with the former exhibiting a steeper
slope toward apatite (Fig. 4C). This, along with
the low P,O5 contents (<1 wt%), are indicative
of the presence of minor abundances of apatite.

3.2.2. Trace-Element Chemistry

The rare earth element (REE) chemistry of the
peridotites and gabbros in the TBNIC are pre-
sented as lambda values, which are orthogonal
polynomial coefficients that describe the shape of
normalized REE profiles (chondrite-normalized
REE profiles are provided in Fig. S2) (O’ Neill,
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Figure 3. U-Pb concordia diagrams of zircon from (A) the Escape intrusion and (B, C) the East-West Corridor and baddeleyite from (D)
the Greenwich intrusion of the Thunder Bay North Intrusive Complex, Canada. Inset figures illustrate representative zircon and bad-
deleyite fractions. MSWD—mean square of weighted deviates; P—probability of concordance; N—number of zircon/baddeleyite fractions.

sion, apart from Current (Fig. 7). Similarly, no
correlations exist between eNd, and 8’Sr/%Sr;,
and the Th/La values of the rocks (Fig. S3). A
single sample of the metasedimentary country
rock has eNd, and 37Sr/38Sr; values of —20.5 and
0.76374, respectively, and an elevated Th/La
value of 0.41, which are distinct from plutonic
rocks of the TBNIC (Fig. 7; Fig. S3).

4. DISCUSSION

4.1. Age of the Thunder Bay North
Intrusive Complex

Robust magmatic U-Pb ages determined from
zircon and baddeleyite from the Escape and

Greenwich intrusions are similar, but statistically
different (at the 20 level) at 1107.6 4+ 0.9 Ma
and 1105.7 4+ 0.9 Ma, respectively (Figs. 3A
and 3D), indicating that the latter was emplaced
immediately on the heels of the Escape intru-
sion. Although the mean ages determined for
the Current (1106.6 + 1.6 Ma, zircon; Bleeker
et al., 2020) and Lone Island (1106.3 + 2.1 Ma,
baddeleyite; Metsaranta and Kamo, 2021) intru-
sions are slightly older and younger than for
the Greenwich and Escape bodies, respectively,
they are statistically indistinguishable from each
other and the other intrusions within the errors of
these determinations.

The zircon 207Pb/?%Pb ages determined
for the East-West Corridor sample range
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from 1076.4 £5.2 Ma for fraction Z1, to
2699 + 1.8 Ma and 2772.8 £ 1.5 Ma for zir-
con fractions Z2 and Z3, respectively (Figs. 3B
and 3C). The age results for the latter fractions,
which each comprised two grains or grain frag-
ments, clearly reflect inheritance of older Pb
as indicated by their concordant Neoarchean
ages (Fig. 3C; Table 1). These ages undoubt-
edly reflect the age of the underlying Archean
Quetico Subprovince basement, which is locally
characterized by a mixture of granitic gneiss and
paragneiss. However, because fractions Z2 and
Z3 each represent multigrain zircon digestions,
they likely represent mixed ages of xenocrystic
zircon, despite appearing to be effectively con-
cordant. The ages determined for zircon fraction
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Figure 4. Binary diagrams il-
lustrating the variations in (A)
CaO, (B) AL,0;, and (C) P,O; as
a function of MgO (all in wt%)
for the mafic—ultramafic rocks
of the Thunder Bay North
Intrusive Complex, Canada.
The black stars are stoichio-
metric mineral compositions,
with dashed lines connecting
solid solutions. Ab—albite;
An—anorthite; Ap—apatite;
Aug—augite; Di—diopside;
Fa—fayalite; Fo—forsterite.

Figure 5. Binary diagrams il-
lustrating the variations in
(A) 4-MgO and (B) A,—A, for
mafic-ultramafic rocks of the
Thunder Bay North Intrusive
Complex, Canada, as well as
the granitic and metasedi-
mentary country rocks of the
Quetico Subprovince (see text
for a description of A values;
chondrite-normalized rare
earth element [REE] profiles
are provided in Fig. S2; see
text footnote 1). The dashed
gray lines represent primitive
mantle compositions. The stars
represent the compositions of
primitive mantle (PM) from
McDonough and Sun (1995),
normal mid-ocean-ridge ba-
salt (N-MORB), enriched (E)-

MORB, and ocean-island basalt (OIB) from Sun and McDonough (1989), and lower (LCC), middle (MCC), and upper (UCC) continental
crust from Rudnick and Gao (2003). The field for continental flood basalts (CFB) is from Barnes et al. (2021). The gray curves represent the
shape of the REE profile at specific A,—A, values. The vectors in the gray box illustrate the effects of Rayleigh fractionation of plagioclase
(P1), clinopyroxene (Cpx), olivine (Ol), apatite (Ap), and garnet (Gn) on the REE profile of a residual melt. Mineral-melt partition coef-
ficients used to model mineral fractionation are from Bédard et al. (2009), except for majorite garnet, which are from Bobrov et al. (2014).

Z1 (2Pb/?%Pb: 1076.4 + 5.2 Ma, 20Pb/?38U:
1070.5 £ 2.2 Ma) are notably younger than the
other intrusions in the TBNIC (Figs. 3A, 3B, and

3D) and most other rocks in the MRS (Bleeker

etal., 2020). The determined age may, therefore,
reflect secondary loss of radiogenic Pb from rel-
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ict, metamict domains in the zircon crystal lat-
tice. This interpretation is consistent with the
fact that the East—West Corridor occurs along the
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(0.7047) from Caro and Bourdon (2010).

Escape Lake Fault (Fig. 2), which could have
served as a pathway for fluids to have altered
the zircon and caused minor Pb loss. Additional
geochronological work is required to better
understand the timing of emplacement of the

East—West Corridor and its temporal relationship
to the other intrusions of the TBNIC.

To summarize, the ages determined here for
the Escape (1107.6 £ 0.9 Ma) and Greenwich
(1105.7 £ 0.9 Ma) intrusions, combined with
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the 1106.6 = 1.6 Ma (Bleeker et al., 2020) and
1106.3 + 2.1 Ma (Metsaranta and Kamo, 2021)
ages of the Current and Lone Island intrusions,
respectively, demonstrate that the TBNIC was
emplaced as part of the ca. 1.1 Ga Midcontinent
Rift event. Although the ages of the intrusions
generally overlap within error, the small errors
on the Escape and Greenwich ages determined
here demonstrate that the Escape intrusion was
emplaced before the Greenwich intrusion, and
that the Thunder Bay North intrusive event lasted
for ~2 m.y. based on the best available ages.

4.2. Genetic Relationship between
Intrusions of the TBNIC

Mineralogically, the rocks that comprise the
TBNIC intrusions are similar, comprising vari-
able accumulations of olivine > clinopyroxene
(£ limited orthopyroxene and apatite) and inter-
stitial liquid (Fig. 4), with the higher overall REE
abundances (\,) of the gabbros suggesting that
they represent the fractionated counterpart of the
peridotites (Fig. 5SA). In terms of REE geochem-
istry, the intrusions are characterized by similar
REE abundances (), but the slopes (\,) and
curvatures (\,) of their REE profiles, although
all light (L)REE-enriched and concave-down,
are slightly variable (Fig. 5). In general, Escape,
Greenwich, and 025 have marginally shallower
REE profiles (i.e., lower X\,) than Current, Lone
Island, and the East—West Corridor, but there is
significant overlap (Fig. 5). Although the curva-
ture of the profiles (\,) exhibits some variability,
there are no systematic differences among the
intrusions (Fig. 5B). While the variations in X\;—
X\, may suggest that the intrusions crystallized
from genetically distinct magmas derived from
different mantle sources, few processes are capa-
ble of fractionating the REEs, and modifying
the slope and curvature of REE profiles. These
minor variations, therefore, need to be evaluated.

In terms of mantle processes, although higher
degrees of mantle partial melting generate shal-
lower REE profiles (i.e., lower X\,), it does not
affect their concavity (\,) unless minerals that
preferentially retain the middle REEs (e.g.,
hornblende, Higuchi and Nagasawa, 1969) are
retained in the source, which is more common
in hydrous, subduction zone settings. The varia-
tions in \,—\, observed among the TBNIC intru-
sions, therefore, cannot be a result of variable
degrees of partial melting. Contamination can
be ruled out because the granitic and sedimen-
tary country rocks have highly variable \,—\,
(Fig. 5) that would have resulted in significant
scatter in the \,—\, values of the mafic—ultra-
mafic rocks if assimilated. Mineral accumulation
can also be ruled out as having had a significant
impact on the X\;—\, values (and hence REE
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lation (<5%) causes significant increases in \,
(>50 X values) and negligible decreases in X\,
(cf. inset in Fig. 5B), as demonstrated by the
Layered Series in the Eastern Gabbro of the
Coldwell Complex (Good et al., 2021; Brzo-
zowski et al., 2022). Given the presence of minor
amounts of apatite in the mafic—ultramafic rocks
of the TBNIC intrusions (Fig. 4C), the variations
in \, were likely generated, at least in part, as a
result of accumulation of minor amounts of apa-
tite (Fig. 5B).

We, therefore, consider that the different
intrusions of the TBNIC likely crystallized
from magmas that originated from the same
deep mantle source where garnet was stable
(i.e., they are co-genetic), with minor varia-
tions in their REE profiles reflecting variable
amounts of clinopyroxene and apatite fraction-
ation/accumulation. This genetic relationship is
consistent with the generally indistinguishable
ages of the Escape (1107.6 & 0.9 Ma), Cur-
rent (1106.6 = 1.6 Ma; Bleeker et al., 2020),
and Greenwich (1105.7 & 0.9 Ma) intrusions
(Fig. 3) because it is the ages that imply that most
of the TBNIC magmatism was essentially syn-
chronous in its emplacement and crystallization.

4.3. Crustal Contamination and Mantle
Source Contributions

The mafic—ultramafic rocks in the intrusions
of the TBNIC are characterized by consistently
negative eNd, values of —5.3 to —1.2 and nega-
tive Nb anomalies (Nb/La = 0.16-0.89; Figs. 6
and 7). These geochemical-isotopic features
could have been generated by contamination of
the magmas by crustal material during emplace-
ment. However, the depleted Th contents (Th/
La = 0.05-0.12, with few samples up to 0.17;
Fig. 6) and mantle-like 8’St/%Sr; values (0.7004—
0.7063; Fig. 7) of most of the mafic—ultramafic
rocks, but elevated Th and 87Sr/*8Sr; composi-
tions of the country rocks (Th/La = 0.08-1.27;
87Sr/88Sr, = 0.7637; Figs. 6 and 7), argues against
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significant crustal input, as does the lack of nega-
tive correlations between Th/La—Nb/La—eNd,
(Fig. 6; Fig. S3). To further assess the importance
of crustal contamination on the magmatic evolu-
tion of the intrusions in the TBNIC, variations
in Th/La-Nb/La, eNd~Nb/La, and eNd-Th/La
as a function of contamination of plume-derived
magmas with TBNIC country rocks have been
modeled. The end-member compositions of the
initial silicate melt and country rocks are pro-
vided in Table 3, along with an explanation of
why those values were chosen.

In Th/La—Nb/La space, apart from a limited
subset of samples (~1% of the dataset) that
have elevated Th/La, the majority of the perido-
tite and gabbro samples fall along a trend that is
oblique to that expected for contamination of a
plume-derived magma by Quetico country rocks
(Fig. 8A). Likewise, the samples also fall along
a trend perpendicular to the plume—Quetico
mixing trends in eNd—~Th/La space (Fig. 8B).
In eNd—Nb/La space, although the data exhibit
a similar slope to the plume—Quetico mixing
trends, they are characterized by notably less
enriched eNd, values than expected based on
Quetico assimilation (Fig. 8C). Simply contam-
inating a plume-derived magma with Quetico
rocks cannot, therefore, explain the geochemical
and isotopic variability observed in the TBNIC
rocks. This interpretation is consistent with
multiple S isotope and S/Se values of the Cur-
rent deposit that are indicative of selective con-
tamination of the magma by Archean rocks at
depth rather than bulk assimilation (Brzozowski
et al., 2023a).

Although formation of the MRS has been
interpreted to be due to the impingement of the
Keweenaw Plume beneath the crust (Hutchin-
son et al., 1990; Nicholson and Shirey, 1990;
Nicholson et al., 1997), it has been well demon-
strated that many of the volcanic and intrusive
rocks do not represent crystallization of purely
plume-derived magmas. Using trace-element
geochemistry (e.g., Th/La, Ce/Yb) and Nd-Os

isotopes, Shirey et al. (1994) and Shirey (1997)
demonstrated that different formations within
the Mamainse Point Volcanic Group crystallized
from magmas formed by the interaction of the
Keweenaw Plume with old SCLM (lower for-
mation basalts with negative eNd, and ~Os;) and
MORB (upper formation basalts with positive
eNd,). Good and Lightfoot (2019) interpreted
the decoupling of the large ion lithophile ele-
ments from the LREEs and HREESs, decoupling
of REEs from the high field strength elements,
and the enriched Nd isotope values of the
metabasalts in the Coldwell Complex to indi-
cate crystallization from partial melts derived
from a metasomatized SCLM source. Similarly,
Rooney et al. (2022) suggested that the alkaline
magmas from which the Coldwell and Seabrook
Lake complexes crystallized represent mixtures
of enriched SCLM and some other depleted
end member based on their positive eNd,,,, and
variably negative to positive eHf, 4, Recently,
Brzozowski et al. (2023b) demonstrated, using
Nd-Os isotopes, that several mafic—ultramafic
intrusions (i.e., Eva Kitto, Seagull, Thunder,
Shillabeer, Jackfish) on the north shore of Lake
Superior, and proximal to the TBNIC, crystal-
lized from melts that were largely derived from
the SCLM and that assimilated limited material
during transport through the crust, consistent
with their generally depleted Th abundances.
Given the evidence for SCLM contributions
to MRS magmatism, we modeled the varia-
tion of eNd,, Th/La, and Nb/La as a function
of mixing between plume, SCLM, and Quetico
country rocks. Given that limited mantle xeno-
liths have been identified within the MRS, with
only one reported occurrence east of the rift
system (Legros et al., 2024), the Th, La, and
Nd values of the SCLM end member were set
to be similar to those reported by McDonough
(1990) for cratonic peridotite xenoliths.
Although Legros et al. (2024) documented Nb
enrichment in the mantle xenoliths identified
near Elliot Lake, Ontario, Canada, the enrich-

TABLE 3. END-MEMBER COMPOSITIONS FOR MIXING MODELS USED TO CHARACTERIZE CRUSTAL CONTAMINATION
AND MAGMA SOURCE FOR THE THUNDER BAY NORTH INTRUSIVE COMPLEX, CANADA

Reservoir Th La Nb Nd  eNd; Reasoning References
(ppm) (ppm) (ppm) (ppm)

Initial silicate 4 37 48 55.0 0 Composition of ocean-island basalt from Sun and McDonough (1989) and utilized by ~ Sun and McDonough (1989),

magma Rooney et al. (2022) for the composition of the Keweenaw Plume. Rooney et al. (2022)
Granite 1 45 90 6 77 _21 The trace-element compositions for granite 1 and metasedimentary rock are Cundari et al. (2021),
Granite 2 33 157 4 920 _21 equivalent to samples CAM-021-KY-102 and CAM-21-CC-090, respectively, in Hollings et al. (2007b)
Metasedimentary 7 32 7 34 _o1 Table S1 (see text footnote 1). The composition of granite 2 is equivalent to

rock sample 04TRH250 from Cundari et al. (2021). The £Nd, values of the granitic and

Subcontinental 0.15 3 0.2
lithospheric
mantle

(SCLM)

1835 _9

metasedimentary rocks were set to —21, which is equivalent to the value obtained
for a metasedimentary rock sample in this study (CAM-021-KY-017 in Table S1; see
text footnote 1) and similar to other rocks of the Quetico Subprovince reported by

Hollings et al. (2007b).

The trace-element concentrations are within the range of values reported by
McDonough (1990) for spinel peridotite xenoliths from continental regions. A lower
value was used for Nb to be more representative of the depleted nature of old
SCLM. The eNd, value is equivalent to that utilized by Shirey et al. (1994), Shirey

McDonough (1990), Shirey
et al. (1994), Shirey
(1997), Brzozowski et al.
(2023b)

(1997), and Brzozowski et al. (2023b) for the SCLM beneath the Midcontinent Rift.
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Figure 8. Binary diagrams illus-
trating the modeled variations
in (A) Nb/La-Th/La, (B) eNd~
Th/La, and (C) eNd~Nb/La as
a function of mixing between
Keweenaw Plume melt and
Quetico country rocks (gray
10| field), Keweenaw Plume-sub-

0.5 continental lithospheric mantle
(SCLM) (red curve), and a Ke-
weenaw Plume (7% )-SCLM
(93%) hybrid melt and Quetico
country rocks (green and or-
ange curves), Canada. The
compositions of the mafic—ul-
tramafic rocks of the Thunder
Bay North Intrusive Complex
are overlain. The end-member
compositions used in the mod-
eling are provided in Table 3.
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ment was interpreted to be a result of carbon-
ated silicate metasomatism. Brzozowski et al.
(2022), however, demonstrated that the Eastern
Gabbro of the Coldwell Complex (and likely
other rocks in the north—northeast portion of the
MRS) crystallized from melts derived from a
mantle source that was metasomatized by slab-
derived fluids, which would not have intro-
duced Nb to the source given its relative immo-
bility. Accordingly, the Nb abundances of the
SCLM end member were set to a lower value
to account for the effects of long-term depletion
and metasomatic re-enrichment of the SCLM
(Good and Lightfoot, 2019). Such Nb depletion
is a characteristic feature of many within-plate
basalt packages that crystallized from melts
with a significant SCLM component, such as
the Tuklonsky basalts in Russia, which exhibit
a range of Nb/La ratios from near primitive
mantle to notably lower than mantle (i.e., nega-
tive Nb anomaly) (Lightfoot et al., 1993).

The peridotite and gabbros of the TBNIC have
compositions that generally follow the plume—
SCLM mixing trends, with most of the samples
having compositions indicative of greater than
90% mixing (Fig. 8). This suggests that the
magmas from which the TBNIC rocks crystal-
lized were largely derived from melting of the
SCLM, with limited (<10%) input of material
from the Keweenaw Plume. Such large contribu-

tions from the SCLM are similar to those sug-
gested for the Eva Kitto, Seagull, and Shillabeer
intrusions, which are located several kilometers
northeast of the TBNIC within the Nipigon
Embayment (Fig. 1), and greater than those sug-
gested for the Thunder, Jackfish, and Mamainse
Point Volcanic Group (Shirey et al., 1994; Shirey,
1997; Brzozowski et al., 2023b). Plume-SCLM
mixing cannot, however, fully explain the geo-
chemical and isotopic variability observed in
the TBNIC as a subset of samples pull toward
elevated Th/La (Figs. 8A and 8B) and fall below
the plume-SCLM mixing curve in eNd—Nb/
La space (Fig. 8C). These comparatively Th-
enriched samples can be explained by assimila-
tion of <5% (typically <2%) Quetico country
rock by predominantly SCLM-derived magmas
(93% SCLM, 7% plume; Fig. 8). It is interesting
to note that only peridotite and gabbros at Escape
and Current (+ Lone Island) exhibit evidence for
contamination, with rocks in the other intrusions
generally falling tightly along the plume-SCLM
mixing line and exhibiting limited geochemical
evidence for bulk assimilation of Quetico coun-
try rock (Fig. 8A). The overall limited degrees
of contamination of the peridotite and gabbros
are consistent with the absence of country rock
xenoliths in these rocks and the lack of significant
variability in their trace-element compositions,
which may be expected given the geochemical
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variability of the granitic and metasedimentary
country rocks (Fig. 5). The limited variations that
are present in the abundance () and degree of
fractionation (\,) of the REEs of the gabbros can
largely be attributed to fractionation of clinopy-
roxene (Fig. 5).

Two key points can be taken away from this
discussion. First, the magmas that fed the TBNIC
were largely derived from partial melting of the
SCLM (>90%), with the Keweenaw Plume con-
tributing only limited (< 10%) amounts of mate-
rial. Second, the SCLM-derived magmas repre-
sented now by the spatially associated intrusions
in the TBNIC assimilated limited crustal mate-
rial during emplacement. This contamination
appears to be largely restricted to the Current and
Escape (£ Lone Island) intrusions. The greater
degrees of contamination at Current and Escape
(&£ Lone Island) may simply be the result of hav-
ing a larger dataset for these intrusive systems
or may reflect the fact that they were emplaced
along fault zones where the country rocks were
more altered (physically and chemically) and
fusible (Fig. 2).

4.4. Cause of Variable Metal Fertility
To date, only the Current and Escape intru-

sions have been demonstrated to contain eco-
nomic concentrations of base and precious



metals (Ciuculescu et al., 2023). Given that the
TBNIC intrusions all crystallized from magmas
that originated from the same mantle source, as
demonstrated by the similarity in their trace-ele-
ment geochemistry (Fig. 5), their variable pro-
spectivity is unlikely to be related to processes
that occurred in their mantle source. A critical
factor in the genesis of magmatic Ni-Cu—PGE
sulfide deposits is achieving sulfide saturation,
which can be attained via several mechanisms,
including addition of SiO,, Fe,0;, and S, and
changes in magma oxygen fugacity (fO,; Jugo,
2009; Ripley and Li, 2013; Cottrell et al., 2021).
Addition of Si and Fe to a magma cause
its sulfide solubility to decrease and increase,
respectively (Robb, 2004; Ripley and Li, 2013).
If the observation that Current and Escape are
the only intrusions in the TBNIC that assimilated
limited amounts of crustal material is true and
not just a function of sample population size,
then an increase SiO, and/or decrease in Fe,0O;
via contamination of the Current and Escape
magmas, and the lack thereof in the other intru-
sions, may be the cause of the variable prospec-
tivity, with the barren intrusions (Lone Island,
East—West Corridor, 025, and Greenwich) sim-
ply not becoming saturated in sulfide liquid. This
seems unlikely, however, for two reasons. First,
the degree of contamination of the Current and
Escape magmas is exceedingly small, typically
less than 2% assuming a granitic contaminant
(Fig. 8), which would not have added sufficient
Si0, (~0.4 wt% SiO, based on a mafic rock with
51 wt% SiO, and a granite with 72 wt% SiO,)
or decreased Fe,O; sufficiently (~0.26 wt%
based on a mafic rock with 15 wt% Fe,O; and a
granite with 2 wt% Fe,0,) to significantly lower
the sulfur content at sulfide saturation (Ripley
and Li, 2013). Second, the upper gabbros and
quartz gabbros contain xenoliths of granite and
quartz (Fig. S1), but are barren. Brzozowski
et al. (2023a) also demonstrated that, at Current,
the dominant source of external S that generated
the sulfides in the majority of the intrusion was
not the local country rocks, but rather Archean
rocks at depth, with the former only contribut-
ing sulfur to the magma that crystallized to form
the Southeast Anomaly (i.e., the final portion of
the intrusion to have crystallized). Given the lack
of contribution of the local country rocks to the
formation of mineralization at Current, and the
overall low degrees of bulk assimilation recorded
by Current and Escape, it seems unlikely that
contamination by local country rocks was the
primary control on the mineralization.
Although a decrease in magma fO, can
cause it to become saturated in sulfide liquid
via the conversion of SO3* to S2-, plume-
related environments are characterized by fO,
values of FMQ + 0.1, in which all S is present
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as S?~ (Jugo, 2009; Jugo et al., 2010; Cottrell
et al., 2021). Additionally, because the TBNIC
intrusions are cogenetic, were emplaced into
the same country rocks, and did not assimilate
significant amounts of country rock material,
variations in fO, amongst the intrusions caused
by variable assimilation seems unlikely. Simi-
larly, because the intrusions fractionated similar
minerals (Fig. 4), variations in fO, amongst the
intrusions caused by melt differentiation also
seems unlikely. Taken together, it is unlikely that
changes in S speciation related to redox changes
contributed to the variable fertility of the TBNIC
intrusions.

Another possibility that may account for the
variable fertility throughout the TBNIC is the
degree of sulfide segregation, with the barren
intrusions having crystallized from magmas that
lost sulfide liquid en route to the surface, and the
mineralized intrusions having crystallized from
magmas that effectively transported sulfide lig-
uid to the site of emplacement. To assess this,
we use the Cu, Zr, and Pd contents of peridotites
and gabbros from the different intrusions (where
data is available) as ratios of these elements
(i.e., Cu/Zr, Cu/Pd) serve as robust proxies of
sulfide segregation and accumulation given their
highly variable sulfide liquid-silicate melt par-
tition coefficients (Barnes et al., 1993; Barnes
and Ripley, 2016; Brzozowski et al., 2020). For
example, given that sulfide liquid—silicate melt
partition coefficients decrease from Pd >>
Cu >> Zr, loss of sulfide liquid would gener-
ate a residual magma with high Cu/Pd ratios
(>10,000; Barnes et al., 1993), low Cu/Zr ratios
(<2.86; McDonough and Sun, 1995), and low
Pd contents, whereas sulfide accumulation will
generate the reverse trends.

Samples from the economically mineralized
Current and Escape intrusions are characterized
by highly variable Cu/Pd and Cu/Zr ratios, with
Cu/Pd ratios ranging from mantle to greater than
mantle values of 1000-10,000 (Barnes et al.,
1993, 2015) and Cu/Zr ratios ranging from less
than to greater than the mantle value of ~2.86
(McDonough and Sun, 1995) (Figs. 9A and
9B). In contrast, samples from the Lone Island,
East—West Corridor, 025, and Greenwich intru-
sions all have high Cu/Pd and low Cu/Zr val-
ues (Figs. 9A and 9B). In general, the high Cu/
Pd and low Cu/Zr values occur in the gabbros
MgO <15 wt%), whereas the low Cu/Pd and
high Cu/Zr values occur in the peridotites (MgO
>15 wt%) (Figs. 9A and 9B). The high Cu/
Pd and low Cu/Zr values could not have been
the result of Cu mobility because this process
would have generated vertical trends in Cu/
Pd versus Pd space (i.e., significant variability
in Cu/Pd, with limited variability in Pd), but
this is not observed (Fig. 9C). Hollings et al.
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(2023) identified melt inclusions in mafic and
felsic rocks of the St. Ignace Island Complex
on the north shore of Lake Superior with Cu
contents of 176 & 131 ppm (average £ 1o0) and
104 £ 66 ppm, respectively, which are higher
than typical mantle-derived melts (<50 ppm;
Barnes et al., 2015). If the elevated Cu/Zr and
Cu/Pd ratios of the intrusions resulted from
their melts being sourced from anomalously
Cu-enriched mantle sources, this would have
elevated their initial metal ratios, but would
have had no affected on the trends in Cu/Zr—Cu/
Pd-Pd-MgO space, which are largely controlled
by sulfide liquid-silicate melt partitioning and
magma fractionation (Fig. 9). This scenario
would also not be able to explain the variability
in these ratios in cogenetic rocks within a given
intrusion (e.g., Current and Escape) (Fig. 9).

The Cu/Pd-Pd diagram is commonly used
to assess enrichment of sulfide liquids in met-
als, and accumulation and segregation of sulfide
liquids from silicate magmas (Fig. 9C) (e.g.,
Barnes et al., 1993; Good et al., 2017). In this
diagram, sulfide segregation generates elevated
Cu/Pd values, lower Pd contents, and a negative
correlation between Cu/Pd-Pd, whereas sulfide
enrichment (i.e., R factor or silicate melt/sul-
fide liquid mass ratio; Campbell and Naldrett,
1979; Mungall et al., 2020) and accumulation
generates mantle-like to lower-than-mantle Cu/
Pd values and elevated Pd contents (Fig. 9C).
These trends are based solely on the difference
in magnitude of the sulfide liquid-silicate melt
partition coefficients of Cu (DS, =2130)
and Pd (D24, = 536,000) (Barnes and Ripley,
2016) that cause these metals to fractionate dur-
ing sulfide segregation and enrichment. Data for
the Current and Escape intrusions exhibit two
distinct trends in Cu/Pd versus Pd space—one
that follows the R factor model curves at Cu/
Pd <10,000, indicative of sulfide liquid enrich-
ment and accumulation, and another that falls
along the sulfide segregation curve at Cu/Pd
>10,000, indicative of sulfide removal from the
magma (Fig. 9C). Data for Lone Island, East—
West Corridor, and 025, however, only exhibit
one of these trends, plotting along the sulfide
segregation curve, with Lone Island crystal-
lizing from magmas that segregated a smaller
proportion of sulfide liquid than the magmas
from which the 025 and East—West Corridor
crystallized (Fig. 9C). Considering that the Cu
and Pd budgets of sulfide-saturated magmas are
strongly controlled by the segregation of sulfide
liquids, these geochemical characteristics have
two implications.

First, given the higher sulfide liquid—silicate
melt partition coefficient of Pd relative to Cu,
the presence of depleted Cu/Pd values at low
Pd contents in all of the intrusions demon-



Petrogenetic relationship of the variably Ni-Cu—PGE-mineralized intrusions of the Thunder Bay North Intrusive Complex, Midcontinent Rift, Canada

Figure 9. Binary diagrams illus-

trating the variations in (A) Cu/
Pd-MgO, (B) Cu/Zr-MgO, and (C)
Cu/Pd-Pd for the mafic—ultramafic
rocks of the Thunder Bay North
Intrusive Complex, Canada. The R
factor and sulfide segregation model
curves are based on equations from
Campbell and Naldrett (1979) and
Barnes et al. (1993), respectively.
Initial Cu and Pd contents of the
parent magma were set to 100 ppm
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strates that they all crystallized from magmas
that segregated sulfide liquid at some stage dur-
ing their magmatic evolution. In the case of the
Current intrusion, Brzozowski et al. (2023a)
demonstrated that the magmas lost sulfide lig-
uid in the waning stages of magmatic activity
when the Southeast Anomaly was crystalliz-
ing. The restriction of mantle-like Cu/Pd values
and elevated Pd contents to Current and Escape
(£ Lone Island), however, implies that sulfide
accumulation only occurred in these intrusions,
at least at the site of emplacement. Second, sul-
fide accumulation is restricted to the peridotites,
whereas gabbros systematically record loss of
sulfide liquid. Taken together, this suggests that
the apparent infertility of Lone Island, East—
West Corridor, 025, and Greenwich may simply
be a function of not yet “seeing” the ultramafic
cumulates at depth that contain accumulations
of sulfide liquid, similar to Current and Escape.

The cause of this variability in sulfide seg-
regation is likely related to the presence of
crustal-scale weaknesses, the architecture of the
intrusive system, and/or the volatile content of
the magmas. Silicate melts (2.7-2.9 g/cm3; Wil-
liams et al., 1998) are significantly less dense
than sulfide liquids (4-5 g/cm3; Mungall and
Su, 2005), hindering the efficiency with which
sulfide liquids can be transported upward. This
can be mitigated, however, if crustal-scale

weaknesses are present that can promote rapid
transport of magma through the crust. Both the
Current and Escape intrusions occur along the
Escape Lake and Quetico faults (Fig. 2), which
may have enabled the efficient transport and
accumulation of sulfide liquid to the location
of emplacement, generating the sulfide enrich-
ment now represented by the Current and Escape
deposits. Although the sulfide-poor Greenwich
and 025 intrusions do not occur along the Escape
Lake and Quetico faults, Lone Island and the
East—West Corridor do (Fig. 2), indicating that
intrusion along these crustal weaknesses was
likely not the defining factor controlling the effi-
ciency of sulfide transport.

The challenge in transporting sulfide liquid
vertically can be amplified by variations in the
morphology of the conduit systems that fed
intrusions. For example, where conduit sys-
tems widen and magma flow rate decreases, the
capacity of the magma to carry sulfide would
also decrease, leading to the settling and accu-
mulation of sulfide liquid under the force of
gravity (Evans-Lamswood et al., 2000; Barnes
et al., 2016). The morphologies of the Current
and Escape intrusions have been well character-
ized, occurring as shallow-dipping, wide to nar-
row chonoliths near the present surface (Figs. 2B
and 2C) (Brzozowski et al., 2023a; Caglioti,
2023). Although the morphologies of the other
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and 0.01 ppm, respectively, which
are similar to the values of the theo-
retical parental melt to the Current
deposit calculated by Heggie (2012)
and utilized by Brzozowski et al.
(2023a). The same starting values
are utilized for all of the intrusions
as they are demonstrated to be coge-
netic. Although variations in initial
Cu and Pd concentrations will shift
the model curves, the main purpose
of this diagram is to demonstrate
that some of the intrusions have el-
evated Cu/Pd values that are nega-
tively correlated with Pd, a feature
diagnostic of sulfide segregation.

intrusions have not been well characterized, it is
possible that the shallow-dipping and variably
wide nature of the Current and Escape intrusions
promoted sulfide accumulation at shallow lev-
els by decreasing magma flow rate, whereas the
morphologies of the other intrusions promoted
sulfide accumulation at depth. This concept is
supported by the fact that, at Current, the mor-
phology of the southern portion of the conduit
promoted sulfide loss, potentially by gravity
drainage, causing the Southeast Anomaly to be
unmineralized relative to the other portions of
the conduit where sulfide liquid accumulated
(Brzozowski et al., 2023a).

Experimental (Mungall et al., 2015; Iacono-
Marziano et al., 2022) and natural observations
(Barnes et al., 2019, 2023), as well as theoreti-
cal calculations (Yao and Mungall, 2020) have
demonstrated that upward transport of sulfide
liquid can be assisted by the attachment of vapor
bubbles onto sulfide liquid droplets. Formation
of these compound droplets is largely restricted
to intrusions emplaced at relatively shallow
crustal depths and low confining pressures that
would permit vapor exsolution (Barnes et al.,
2019, 2023). This criteria appears to have been
met for the Current deposit as it contains evi-
dence of compound vapor—sulfide droplets
(Brzozowski et al., 2023a), indicating that some
amount of sulfide liquid was likely transported



upward with the assistance of vapor bubbles.
Compound vapor—sulfide droplets have not, as
of yet, been identified in the other intrusions.
Although no definitive statement can be made,
itis possible that the variable prospectivity of the
TBNIC intrusions is a result of variations in con-
duit morphology and/or degree of vapor exsolu-
tion, which would have controlled the extent to
which sulfide liquid was transported to shallow
crustal levels and permitted to accumulate in the
intrusions.

5. CONCLUSIONS

The Thunder Bay North Intrusive Complex
(TBNIC) comprises six mafic—ultramafic intru-
sions that intruded Archean rocks of the Quetico
Subprovince. These intrusions are variably min-
eralized with Ni, Cu, and PGE, with only the
Current and Escape intrusions hosting economic
accumulations of sulfide mineralization. Despite
the economic importance of the TBNIC, the pet-
rogenetic relationship of the intrusions that com-
prise the complex and the cause of the apparent
variable fertility remains ambiguous. Here, we
integrated newly acquired zircon/baddeleyite
U-Pb geochronological, bulk-rock geochemical,
and bulk-rock Rb—Sr and Sm—Nd isotopic data
with previously collected data to assess (1) the
age of the TBNIC, (2) the genetic relationships
of the different intrusions, (3) the contributions
of mantle and crustal sources to the magmatic
evolution of the intrusive complex, and (4) the
cause of the apparent variable fertility across the
intrusive complex.

(1) The intrusions that comprise the
TBNIC were emplaced at ca. 1106 Ma
(Escape = 1107.6 £ 0.9 Ma; Cur-
rent = 1106.6 &= 1.6 Ma, Bleeker et al., 2020;
Lone Island = 1106.3 £ 2.1 Ma, Metsaranta and
Kamo, 2021; Greenwich = 1105.7 4+ 0.9 Ma),
with the Escape intrusion being the oldest and
Greenwich the youngest intrusive phases of the
system. This places the TBNIC within the Early
Stage of the Midcontinent Rift System (Miller
and Nicholson, 2013).

(2) The six intrusions that comprise the
TBNIC are genetically related and crystallized
from magmas that originated from the same
source, with small geochemical variations
observed within and among the intrusions being
related to fractionation and accumulation of vari-
able amounts of clinopyroxene + apatite.

(3) The magmas from which the intrusions
crystallized were sourced primarily (>90%)
from depleted subcontinental lithospheric
mantle beneath the Midcontinent Rift, with
the Keweenaw Plume only contributing lim-
ited (<10%) material. These melts assimilated
limited (<5%) crustal material during transport
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through the crust, with geochemical evidence
of this limited contamination (e.g., elevated
Th/La) being restricted to the mafic—ultramafic
rocks of the Current, Escape, and Lone Island
intrusions.

(4) The apparent variable fertility of the
TBNIC intrusions is unrelated to processes that
operated in the mantle source that fed the intru-
sions as their magmas originated from the same
source. Rather, it is likely a reflection of the tim-
ing and location of sulfide segregation and accu-
mulation, with the barren gabbros of the Lone
Island, East—West Corridor, 025, and Greenwich
intrusions recording the magmas that lost sulfide
liquid during transport to shallow crustal lev-
els. The peridotites of the Current and Escape
intrusions, however, record the accumulation of
sulfide liquid that was efficiently transported to
their location of emplacement.

(5) This work has important implications for
exploration for magmatic sulfide deposits in
variably mineralized intrusive complexes as it
demonstrates that seemingly barren intrusions
may host sulfide mineralization at depth, pro-
viding a pathway to explore for additional min-
eralization.
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