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ABSTRACT

A magnetotelluric (MT) study across the Red Lake greenstone belt of the western Supe-
rior craton, Canada, images a 50-km-long north-dipping conductor (<20 Q-m) at 20-25 km
depth and subvertical conductors spatially correlated with crustal-scale shear zones and
large orogenic gold deposits. The conductors are interpreted to be the conductivity signature
of the deep crustal source of the auriferous fluids and pathways of the orogenic gold sys-
tem. The geophysical results, supported by existing geochemical and fluid inclusion studies,
suggest that the Au- and CO,-rich fluids responsible for gold mineralization were released
by devolatilization of supracrustal rocks underthrust to mid- to lower-crustal levels during
subduction. This MT study links shallow gold mineralization to a deep crustal source region,
demonstrating the connection between a crustal suture zone and the formation of orogenic

gold deposits in an Archean greenstone belt.

INTRODUCTION

The Uchi terrane of the Superior cra-
ton (Canada) comprises Meso-Neoarchean
metavolcanic, metasedimentary, and plutonic
rocks. It hosts multiple orogenic gold depos-
its extending along the southern margin of the
North Caribou terrane (Sanborn-Barrie et al.,
2001). The Red Lake greenstone belt (Fig. 1)
deposits are among the largest and the richest
Archean gold deposits in Canada (Dubé et al.,
2004; Chi et al., 2006) and have produced
>839,000 kg Au (Lewis et al., 2021). The for-
mation of such orogenic gold deposits requires
a confluence of first-order factors, including
a thermal source, a deep hydrothermal fluid
system, and commonly an oblique-slip regime
late in the orogenic cycle of a convergent mar-
gin (e.g., Goldfarb and Groves, 2015; Groves
et al., 2020). Current interpretations of the Red
Lake greenstone belt gold deposits are consis-
tent with this model (e.g., Dubé et al., 2004;
Chi et al., 2009, 2022). Multiple studies have
shown that the magnetotelluric (MT) method
can image crustal-scale fluid pathways and the
fluid source regions associated with world-class
mineralization (e.g., Heinson et al., 2018, 2021;
Hill et al., 2021; Vadoodi et al., 2021; Comeau
et al., 2022; Kirkby et al., 2022). Here, we use
MT imaging to delineate crustal-scale electrical
conductors below the Red Lake greenstone belt

in order to constrain the source and pathways
of the Au-bearing fluids and to contribute to the
understanding of auriferous mineral systems in
Archean greenstone belts.

TECTONIC AND GEOLOGICAL
SETTING

The Uchi terrane and adjacent margin of the
North Caribou terrane record 300 m.y. of tec-
tonic events starting with rifting at ca 2.99 Ga
and followed by protracted continental arc mag-
matism at 2.94-2.91, 2.90-2.89, 2.85, and 2.75—
2.72 Ga (Sanborn-Barrie et al., 2001; Percival
etal., 2006a, 2006b), including formation of the
2.745-2.695 Ga Berens River plutonic complex
in the North Caribou terrane (Corfu and Stone,
1998; Percival et al., 2006b).

Convergence between the North Caribou
terrane and terranes from the south culminated
in subduction-driven thrusting of the Winni-
peg River terrane crustal block under the North
Caribou terrane during the Kenoran orogeny at
2.72-2.70 Ga (Sanborn-Barrie et al., 2001). Evi-
dence for an active subduction system includes
the intrusion of the Berens River felsic plutonic
suite (Corfu and Stone, 1998). Metasedimen-
tary rocks in the English River terrane, which
separate the Winnipeg River and Uchi terranes
(Fig. 1), are interpreted as backarc or foreland
basin deposits (Corfu et al., 1995; Sanborn-

Barrie et al., 2004). Geometry of crustal-scale
seismic reflections indicative of crustal thin-
ning beneath the Winnipeg River and English
River terranes and localized deposition of late
orogenic alluvial-fluvial sedimentary rocks are
interpreted to reflect a period of crustal extension
that occurred after the amalgamation of the Win-
nipeg River terrane with the Uchi—North Caribou
terranes at ca. 2.698 Ga (e.g., Calvert et al., 2004;
Hrabi and Cruden, 2006; Percival, 2007).

Deformation in the Red Lake greenstone belt
produced the main penetrative structures dur-
ing a protracted D, event related to collision of
the Winnipeg River and North Caribou terranes
between ca. 2.723-2.712 Ga. It involved reac-
tivation of earlier D, fabrics and greenschist-
facies metamorphism (Gallagher et al., 2018)
and was followed by emplacement of post-
tectonic plutons and cooling by 2.70 Ga (Corfu
et al., 1995; Percival et al., 2006b). Post-colli-
sional Dj; strain occurred after 2.70 Ga, over-
printing and reactivating earlier structures (e.g.,
Sanborn-Barrie et al., 2004) synchronous with
peak, amphibolite-facies metamorphism associ-
ated with the post-orogenic intrusions (Galla-
gher et al., 2018). Shear zones of varying scale
formed during both the D, and D; deformation
events (Percival, 2007).

The main-stage Red Lake greenstone belt min-
eralization, associated with D,, occurred before
2.712 Ga and includes the largest and highest-
grade deposits in the Red Lake “mine trend”
(RLMT in Fig. 1; Dubé et al., 2004; Sanborn-
Barrie et al., 2004). Fluid inclusion and isotope
studies indicate that H,O-poor, CO,-dominated
fluids, potentially derived from granulite-facies
metamorphism in deeper parts of the crust, were
responsible for the carbonate veining and miner-
alization (Chi et al., 2006, 2009). Late-stage Au
mineralization occurs as very high-grade miner-
alization in 2.702-2.701 Ga lamprophyre dikes
and may have been associated with D, strain and
metamorphism (Dubé et al., 2004).
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Figure 1. Geological map of study area, western Superior craton, Canada (modified from Sanborn-Barrie et al., 2004), showing magnetotelluric
(MT) locations (red and white circles), Lithoprobe WS2B seismic reflection profile (blue line), and Au mineralization (white stars). Coordinate
system abbreviations: WGS 84—World Geodetic System 1984; NAD 83—North American Datum of 1983; UTM—Universal Transverse Mercator.

METHOD AND RESULTS

Forty-five (45) broadband MT sites were
occupied by Quantec Geoscience Limited
(Toronto, Canada) in 2020, along a transect that
aligns with seismic profile WS2B of the Litho-
probe project (Calvert et al., 2004). Additional
MT sites located off the main profile provide

phase tensor method indicates phase-skew mag-
nitudes of predominately >3°, confirming the
existence of large-scale 3-D structures in the
region (see the Supplemental Material').
Resistivity models were created using the
ModEM 3-D inversion algorithm (see the Sup-

some three-dimensional (3-D) control (Fig. 1).
The profile was extended to the northern end of
the seismic line using five broadband MT sites
from the Lithoprobe Western Superior transect.
Evaluation of the MT data set using the MT

!Supplemental Material. Details of MT imaging
and resolution tests and supplemental figures. Please
visit https://doi.org/10.1130/GEOL.S.21936003
to access the supplemental material, and contact
editing@geosociety.org with any questions.

plemental Material). Input data consisted of
the six components of the MT transfer func-
tions for 50 sites with error floors of 5% on all
impedance components and of 0.03 on tipper.
The preferred model converged to a normalized
root-mean-square misfit of 1.96. Representa-
tive slices of the resistivity model are shown in
Figure 2. Major resolved structures, whose exis-
tence and geometry have been confirmed with
model hypothesis testing, are labeled R1-R2
and CO—C4 for resistive and conductive features,
respectively.
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Figure 2. (A—C) Resistivity model showing horizontal slices at upper-crustal (A), mid-crustal (B), and lower-crustal (C) depths. MT—magnetotel-
luric. (D) Cross section extracted from the three-dimensional model along the line A-A’ indicated in panel C. Black dots show the MT locations
and white stars show Au deposits. R1-R2 and C0-C4 are resistive and conductive features, respectively. Coordinate system abbreviations:
NAD 83—North American Datum of 1983; UTM—Universal Transverse Mercator.

The resistivity model defines a generally
resistive 2000—10,000 2-m upper crust (R1
and R2 in Fig. 2). The lower crust of the North
Caribou terrane is less resistive (<1000 €2-m).
To the south, there is a laterally extensive north-
dipping conductor CO (<20 ©-m), with its top at
20-25 km depth. Conductors C1, C2, and C3 are

large-scale subvertical conductivity anomalies.
The uppermost crust (<5 km depth) beneath the
Red Lake mine trend is relatively resistive, with
the resistivity of some parts >20,000 2-m. In
contrast, the shallow crust in the Berens River
plutonic complex contains several localized con-
ductors (C4).
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INTERPRETATION

The well-resolved conductors beneath the
study area are interpreted to represent the con-
ductivity signature of altered rocks and struc-
tures associated with the orogenic gold system
in the Red Lake greenstone belt formed during
the last major tectonic events between the North



Geophysical interpretation
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Caribou and Winnipeg River terranes (Dubé
et al., 2004; Fig. 3).

Crustal-scale conductor C1 coincides with
significant north-dipping seismic reflections
that extend into the mantle interpreted to rep-

resent the suture associated with subduction of
the Winnipeg River terrane beneath the North
Caribou terrane (Calvert et al., 2004; van der
Velden, 2007). Seismic reflection results from
Lithoprobe line WS1, located 250 km to the east,

also provide evidence for northward subduction
(White et al., 2003; Percival et al., 2006b). MT
studies around the world have imaged conduc-
tors at crustal and mantle depths associated with
subducting plates, with anomalies attributed to

www.gsapubs.org | Volume XX | Number XX | GEOLOGY | Geological Society of America

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G50660.1/5780282/g50660.pdf

bv auest



fluids produced by devolatilization of the sub-
ducted sediments and/or interaction of these flu-
ids with surrounding rocks (e.g., Wannamaker
et al., 2009; Ye et al., 2019). The geometry of
Cl1 is consistent with subduction-related devola-
tilization and transport of fluids along the sub-
ducting plate. The interpretation of subducted
metasediments beneath the Red Lake green-
stone belt is inferred from the implied subduc-
tion, seismic and electromagnetic results, and
the geochemistry of plutonic rocks (e.g., Corfu
and Stone, 1998). Sedimentary sequences within
the dominantly granitic gneisses of the Winnipeg
River terrane are documented southeast of the
study area (e.g., Sanborn-Barrie and Skulski,
2006).

Inversion hypothesis tests require conduc-
tor CO to be located at middle- to lower-crustal
depths (see the Supplemental Material). There is
evidence that CO formed as a result of metamor-
phic devolatilization of subducted supracrustal
rocks. Firstly, in the vicinity of CO, the seis-
mic reflection data include short north-dipping
reflectors parallel to the suture in a zone that
van der Velden (2007) interpreted as a subduc-
tion complex. Farther east, line WS1 includes an
accretionary imbricate stack at a similar depth
(White et al., 2003). Secondly, geochemical and
fluid inclusion studies of Au mineralization at
Red Lake suggest mineralizing fluids were
derived from granulite facies metamorphism
in deeper parts of the crust (Chi et al., 2006,
2009). Subducted marine sediments could also
provide a source to explain the high §3C ratios
in fluid inclusions in the Red Lake deposits
(Gallagher et al., 2018). Thirdly, geochemis-
try of Berens River tonalite and granite suites
suggests the melts interacted with partial melt-
ing of greywacke at low pressure and low H,O
content (Corfu and Stone, 1998). MT studies
elsewhere provide evidence for metasedimen-
tary rocks forming source regions of Au-bearing
fluids. Heinson et al. (2021) interpreted a <20
Q-m resistivity zone at >20 km depth beneath
the Lachlan orogenic gold field in southeast-
ern Australia as the source region for gold-rich
fluids resulting from reactions in carbon- and
pyrite-rich sedimentary rocks under amphibo-
lite conditions at ~550°C, leading to both the
production of Au-rich fluids and the formation
of flake graphite at grain boundaries in perme-
able zones.

Additional support for CO being related to
devolatilization of subducted supracrustal rocks
stems from conductors C2 and C3 represent-
ing possible fluid pathways beneath major Au
deposits in the Red Lake greenstone belt. Previ-
ous imaging of fluid pathways beneath other ore
deposits (Heinson et al., 2018; Vadoodi et al.,
2021; Comeau et al., 2022) supports this inter-
pretation. C3 lies directly below the Red Lake
mine trend with its top at 10 km and extending
to depths >15 km, is consistently imaged as a

subvertical feature, and most likely connects
with CO (see the Supplemental Material). C3
also lies in a region of reduced reflectivity, as has
been observed for other deposit-forming fluid
pathways (Heinson et al., 2018). Both resistiv-
ity and seismic results at depths >10-15 km are
thus consistent with fluid transport along a steep
fault system. There are complex seismic reflec-
tion responses in the upper crust above C3. In
the upper 10 km beneath the Red Lake mine
trend, shear zones have moderate dips to the
south (Fig. 3) with varying interpretations (Cal-
vert et al., 2004; Zeng and Calvert, 2006; van
der Velden, 2007). Geobarometry of the Berens
River plutonic complex indicates 6—7 km of
uplift relative to surrounding areas, leading van
der Velden (2007) to suggest that the low seis-
mic reflectivity may also be the result of steeply
dipping structures accommodating the uplift.

The location of C2 is fairly well resolved
(see the Supplemental Material) and coincides
with the Great Bear deposit located adjacent to
the Lithoprobe fault (Fig. 3; Zeng and Calvert,
2006; Lewis et al., 2021). The geometry of C2 is
not well resolved. Although it occurs at depths of
5-10 km in most inversion models, some models
show it extending deeper, and connecting with
CO0. Nevertheless, the spatial correlation of C2
with a significant fault and Au deposit suggests
it could represent a fluid pathway.

The geological cause of proposed fluid-path-
way conductors C1-C3 is interpreted to be iron
sulfides and/or graphite produced by hydrother-
mal interaction of mineralizing fluids with sur-
rounding rocks (e.g., Heinson et al., 2018; Hill
etal., 2021; Comeau et al., 2022; Kirkby et al.,
2022). Such minerals are orders of magnitude
more conductive than minerals making up most
of the crust and can produce strong conductiv-
ity anomalies even when present in only trace
quantities if interconnected (e.g., Selway, 2014;
Hill et al., 2021). Enhanced conductivity of CO,
interpreted as the fluid source region, is also
attributed to interconnected graphite and/or sul-
fides (e.g., Heinson et al., 2021; Hill et al., 2021;
Comeau et al., 2022).

Kirkby et al. (2022) showed that conduc-
tors associated with mineral systems may be
preserved for hundreds of millions of years,
although they may be overprinted by late oro-
genic processes. Subduction-related conduc-
tors can also be preserved over long time scales
(e.g., Ye et al., 2019). The middle- to lower-
crustal conductors CO and C1 are considered
to be broadly coeval with the formation of the
suture between the North Caribou and Winni-
peg River terranes. Their interpretation as the
source region for CO,- and Au-rich fluids and
as fluid pathway conductors that produced the
main-phase Red Lake greenstone belt mineral-
ization requires them to have formed prior to
2.712 Ga. Much of later large-scale tectonic
deformation involved reactivation of existing

Geological Society of America | GEOLOGY | Volume XX | Number XX | www.gsapubs.org

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G50660.1/5780282/g50660.pdf

bv auest

structures (Sanborn-Barrie et al., 2004; Hrabi
and Cruden, 2006). Thus, interconnected sulfide
or graphite may have remained in shear zones
during reactivation or even become more effi-
ciently connected, preserving the signature of
earlier fluid transport. The incomplete connec-
tion of the C2 and C3 conductors to the deposits
and the relatively resistive crust beneath the Red
Lake mine trend (<5 km) suggests the possi-
bility of localized late overprinting of the fluid
pathways affected by the intrusion of late- to
post-orogenic granites (Sanborn-Barrie et al.,
2001), thermal processes during the peak meta-
morphism associated with the intrusions, and/or
development of extensional tectonic structures.

Tectonomagmatic processes in the Uchi ter-
rane during the Red Lake greenstone belt Au
mineralization were related to convergence
between the Winnipeg River terrane and the
Uchi—North Caribou crust, cessation of subduc-
tion, and delamination or slab break-off events
(Corfu et al., 1995; Hrabi and Cruden, 2006).
Formation of a 50-km-long north-south conduc-
tor at 20-25 km depth beneath the Red Lake
greenstone belt and English River terrane would
have required relatively widespread heat in order
to have produced the temperatures required for
development of flake graphite (Rosing-Schow
etal., 2017) and/or resulted in the granulite facies
metamorphism needed to produce the CO,- and
Au-rich fluids (Chi et al., 2009). This may have
resulted because of slab break-off or delamina-
tion of the subducted Winnipeg River terrane.
Other processes that could have potentially pro-
duced significant crustal heating include south-
ward migration of subduction and the interaction
of subduction zone—derived melts with the over-
lying crust (Corfu and Stone, 1998).

There are several further aspects of the inter-
pretation requiring explanation. Calvert et al.
(2004) suggested that extensional tectonics asso-
ciated with orogenic collapse at ca. 2.7 Ga may
have been responsible for both crustal heating
and the late-stage Au mineralization. Studies
elsewhere, including MT investigations, have
defined mineral systems in which Au-rich fluids
are derived from mantle sources (e.g., Comeau
etal., 2022). The Red Lake greenstone belt MT
inversions do not preclude a moderately con-
ductive zone in the mantle, so the data cannot
exclude a mantle contribution. However, the
large CO conductor at mid- to lower-crustal
depth is a more likely source for the majority
of the fluids. Finally, it is possible the middle
to lower crust beneath the Red Lake greenstone
belt was previously enriched in Au-rich sulfides
by mantle-derived fluids creating the source for
the mineralization (e.g., Chi et al., 2009; Fu and
Touret, 2014; Holwell et al., 2022). It is not pos-
sible to exclude such possibilities, but observa-
tion of a large subduction-related conductor (C1)
and the capability of the devolatilization process
of supracrustal rocks to provide the necessary



Au, S, and fluids for the mineral system (e.g.,
Pitcairn et al., 2015, Gaboury, 2019; Groves
et al., 2020) provide strong support for the role
of subducted supracrustal rocks.
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