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Summary

Information about the structure of the deep lithospheric mantle cannot be obtained from drilling
and requires geophysical exploration. One of the most useful methods for this task is magnetotellu-
ric exploration, which uses natural low-frequency radio signals to determine the electrical resistivity
structure of the Earth to depths in excess of 200 km. The Manitoba Geological Survey, in collaboration
with the University of Alberta, is continuing to develop a 3-D resistivity model of the deep lithospheric
structure beneath the province. In 2024, long-period magnetotelluric (LMT) data were collected at
22 stations in west-central Manitoba. In 2025, LMT data were collected at an additional 13 stations in
southwestern Manitoba with the goal of extending coverage over the boundary between the Trans-
Hudson orogen and the Superior craton as far south as the border with the United States. The new
LMT data will be combined with previously collected data in Saskatchewan and Manitoba to produce
a 3-D resistivity model of the Trans-Hudson orogen beneath the provinces. The goal of developing the
3-D resistivity model is to improve the understanding of the deep lithospheric structure and how it
may be used for predicting and analyzing the spatial distribution of mineralization. Ultimately, these
LMT data and the resulting 3-D resistivity model would help to guide future mineral exploration in the
province.

Introduction

The basement rocks of Manitoba include part of the eastern margin of the Trans-Hudson oro-
gen (THO) and the boundary between the THO and the Superior craton (Figure GS2025-9-1). This
part of Laurentia was assembled during the closure of the Manikewan Ocean in the Proterozoic ca.
1.9-1.8 Ga (Whitmeyer and Karlstrom, 2007). Terranes mapped in this region include the Flin Flon
belt, the Lynn Lake—La Ronge belt and the Superior boundary zone and several subdomains of the
Superior province (e.g., Superior craton; Figure GS2025-9-1). All of these terranes are associated with
significant mineral endowment and host numerous active and historical mines. A relatively brief geo-
logical overview is provided by Chase et al. (2024) as part of prior data collection efforts in the THO.
For more information, interested readers are directed to the work of Bleeker (1990), Lewry and Col-
lerson (1990), Machado (1990), Weber (1990), Ansdell et al. (1995), Bleeker et al. (1995), Conners et
al. (1999), Syme et al. (1999), Whalen et al. (1999), Percival et al. (2006, 2012), Zwanzig et al. (2007)
and Clowes and Roy (2020).

The current understanding of the deep lithospheric structure of the THO is derived from geo-
physical studies that have used seismic, magnetotelluric (MT) and potential-field exploration methods
(e.g., Jones et al., 2005; White et al., 2005). The depth of exploration in these previous studies has
been largely limited to the crust. As a result, there is limited information about the deeper lithospheric
mantle of the THO. Additionally, these geophysical studies have generally used 2-D approaches for
data analysis, which provides limited information about the along-strike variability of the structure
of the THO (e.g., White et al., 2002). In past studies, the structural complexity of the THO has led to
differing interpretations of fundamental features such as the polarity of subduction (e.g., White et al.,
2002). In the United States, 3-D modelling of deep-imaging, whole-lithosphere—scale geophysical data
has helped improve understanding of the structure of the southern THO (from lat. 43 to 49°N) and
has highlighted how the shallow complex crustal structure may overprint and obscure earlier struc-
tures at greater depths (Ye et al., 2019; Bedrosian and Finn, 2021). These data have provided greater
insights into the tectonic evolution of the THO. Additionally, these geophysical data have suggested
that several of the tectonic terranes associated with mineralization in Manitoba (e.g., the Flin Flon
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Figure GS2025-9-1: Lithotectonic units of Manitoba and Saskatchewan. The Trans-Hudson orogen is composed of the various lithotectonic units
between the Hearne and Superior cratons. Thin black lines indicate the boundaries of the subdomains within the Superior, Hearne and Rae cratons.
Magnetotelluric (MT) data coverage is shown for the region (University of Alberta, unpublished data, 2024). Note that the additional long-period mag-
netotelluric (LMT) stations in Alberta represent stations where the data were collected for the LITHOPROBE program or by the University of Alberta,
whereas in the rest of Canada, data were collected for the LITHOPROBE program and some smaller studies. The 2025 LMT stations in Manitoba are
shown as yellow dots (also see Figure GS2025-9-4). The 2025 LMT stations in Saskatchewan, deployed as part of a companion survey, are shown as
teal dots. The 2021-2024 LMT data were collected as part of the work of Chase and Unsworth (2024) and Chase et al. (2024). Data from the stations
around the 2021-2025 LMT stations will also be used to create the 3-D resistivity model of the lithosphere of the Trans-Hudson orogen in this area.
Manitoba lithotectonic units modified after Manitoba Geological Survey (2022). Saskatchewan lithotectonic units modified after Saskatchewan Energy
and Resources (2021).
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terrane) continue south well into the United States (Bedrosian
and Finn, 2021). This suggests that additional mineralization may
be present further south in the basement beneath the Western
Canada Sedimentary Basin. To improve the understanding of the
structure of the THO and extent of additional mineralization in
Canada, 3-D geophysical datasets with the capability of imaging
the entire lithosphere are required.

The MT method is particularly well suited for imaging min-
eral systems because it is sensitive to conductive anomalies,
which are commonly associated with the ore-related minerals
and regions altered by the passage of mineralizing fluids during
tectonic processes (e.g., Heinson et al., 2018; Kirkby et al., 2022;
Chase and Unsworth, 2024). In particular, the long-period mag-
netotelluric (LMT) method is capable of imaging the entire litho-
sphere and the deep structure around regional mineral deposits
and mining districts thus it was used for this project to help pre-
dict and analyze the spatial distribution of mineralization in Man-
itoba. Any major conductors identified in the lithosphere can be
incorporated within a mineral systems framework to aid mineral
exploration at a regional scale. The mineral systems framework is
an emerging technique in exploration that is focused on under-
standing how mineralization develops from the deposit to the
regional scale. In this framework, the individual deposit is treated
as a small end-product of processes that operate on much larger
spatial and temporal scales. A major focus of the mineral sys-
tems framework is determining the genesis, ascent and localiza-
tion of mineralizing fluids throughout the lithosphere (McCuaig
et al., 2010; McCuaig and Hronsky, 2014). In practice, to do this
requires the use of regional deep-imaging geophysical methods.
The data collected can then be used to determine which areas,
both brownfield and greenfield, may have enhanced mineral
potential. The LMT data are capable of imaging the entire litho-
sphere, and from a geophysical perspective, are well-suited for
use in the mineral systems framework at the camp- to regional-
scale (Figure GS2025-9-2).

The questions that the 2025 LMT dataset is intended to
address include

e What is the electrical resistivity structure of the eastern
margin of the THO and adjacent area of the Superior craton
in Manitoba, extending as far south as the border with the
United States?

e Are there additional low resistivity anomalies that may be

associated with mineralization along the eastern margin of
the THO?

Previous studies

The following section presents text first presented in Chase
et al. (2024). Geophysical studies of the deep lithospheric struc-
ture of the THO in Canada have taken place since the 1980s
through the LITHOPROBE program (Clowes et al., 1999). The
LITHOPROBE program collected multiple seismic reflection, seis-
mic refraction and MT profiles across the THO (Figure GS2025-9-
1). The seismic datasets were used to delineate terrane boundary

zones and determine the direction of subduction during closure
of the Manikewan Ocean (e.g., Ansdell, 2005; White et al., 2005).
The MT datasets were used in a similar manner and identified a
northward extension of the North American central plains con-
ductor, a crustal anomaly (or break) that is related to the suture
zone observed in the THO both in the United States and Canada
(Jones et al., 2005; Bedrosian and Finn, 2021). The MT data also
showed that the North American central plains conductor was
located beneath the La Ronge gold belt, suggesting a connec-
tion between deep conductive anomalies and mineral deposits
(Jones et al., 2005). The LMT data collected in 2020-2022 (Fig-
ure GS2025-9-1) revealed a similar conductor beneath the Flin
Flon region, suggesting that regional-scale conductors were likely
associated with a major conductor in the lithospheric mantle
beneath the Sask craton (Chase and Unsworth, 2024).

Introduction to the magnetotelluric method

In mineral exploration, airborne or ground-based electro-
magnetic (EM) surveys are routinely used to locate electrically
conductive anomalies related to mineralization. As previously
described in Chase et al. (2024), in these methods, the depth of
investigation is determined by the skin depth, which is defined as

503
5= 203 (1)
Vof

where § is the skin depth (metres), o is the electrical conductiv-
ity (the inverse of resistivity) of the Earth (siemens/m) and f is
frequency (hertz). These methods use a transmitter to generate
the signals, and the depth of investigation is typically limited to a
few hundred metres.

For deeper imaging, it is necessary to use natural lower-fre-
quency EM signals to increase the depth of investigation (Equa-
tion 1). To do this, it is practical to use the MT method. While
similar to many of the controlled-source EM methods used in
exploration, the naturally occurring EM signals in MT are typi-
cally in the range of 10 000—-0.0001 hertz (Hz; or 0.0001 to 10 000
seconds per cycle). In comparison, the frequencies for common
controlled-source EM methods are in the range of 100 000-100
Hz. As a result, the MT method is capable of imaging consider-
ably deeper than most controlled-source EM methods.

At frequencies above 1 Hz, these signals come from global
lightning activity, and below 1 Hz they are primarily generated
by interactions between the solar wind and the magnetosphere
(Simpson and Bahr, 2005). The MT time-series data are Fourier
transformed during processing into the frequency domain to give
apparent resistivity curves, which show the resistivity of the sub-
surface as a function of frequency. Magnetotelluric exploration
uses three distinct frequency bands, depending on the target
depth. The first is audio magnetotellurics (AMT), which has the
frequency range of 10 000-1 Hz, and it is useful for imaging the
relatively shallow near surface, usually to depths of <1-2 km. It
is often used in the mineral exploration industry for its ability to
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Figure GS2025-9-2: General components and geophysical investigation criteria for the mineral systems framework at the a) regional or district scale,
b) camp scale and c) deposit or prospect scale for an example porphyry deposit. At the tectonic regional scale, targets include major structures and flu-
id pathways exploited during tectonism as well as where these features are favourably situated and concentrated in discrete regions at the camp scale.
At the camp scale, targets include major upper-crustal structures, alteration zones and centres of fluid concentration at deposit-scale depths. At the
deposit scale, targets include ore zones (identifying and differentiating them from alteration haloes), ore-controlling structures and higher ore-grade
zones. This scale commands the majority of expenditures and time during exploration. Geophysical methods, including the various magnetotelluric
(MT) frequency bands, relevant to examining components of the mineral systems at each scale are shown with their typical depths of investigation. In
this context, the long-period magnetotelluric (LMT) data collected here are best suited for analysis of mineral system criteria at the regional to camp
scale. Black dashed lines denote hypothetical structures that acted as conduits for fluid movement. Adapted from McCuaig and Hronsky (2014) and
Chase (2025). Abbreviations: BBMT, broadband magnetotelluric; DC, direct current; EM, electromagnetic; IP, induced polarization; LAB, lithosphere-
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refine targets at somewhat greater depths than other EM meth-
ods are capable of imaging. The second is broadband magneto-
tellurics (BBMT), which has the frequency range of 1000—0.001
Hz. BBMT is useful for imaging the crust and upper mantle and
is often used in mineral exploration at the camp scale. The final
frequency band is for LMT and has a frequency range of 1-0.0001
Hz; it is capable of imaging the entire lithosphere. Long-period
MT data are typically collected to produce regional backbone
data products that can be used to refine search areas or to iden-
tify areas to be followed up on by higher-resolution geophysical
methods.

In the field, MT instruments record two orthogonal electric
field components and three orthogonal magnetic field com-
ponents as a function of time (Figure GS2025-9-3a—c). In LMT
systems, the magnetic fields are recorded with a single three-
component fluxgate sensor, whereas in BBMT and AMT systems
they are recorded using three separate induction coil sensors.
Installation of an MT site is not labour intensive, and can be
accomplished in 2-3 hours with a crew of 2-3 people. Installa-
tion is also minimally invasive, requiring only a few temporary
holes to be dug so that various components of the system (e.g.,
magnetic sensors and electrodes) can be buried. Due to the dis-
tance between stations in regional LMT surveys, usually only 2—3
stations are installed per day. It is also important to select station
locations that are away from cultural noise. Powerlines, water
pumps, pipelines and cattle fences are common sources of elec-
tromagnetic noise that will negatively impact MT data.

Magnetotelluric fieldwork

In the summer of 2025, LMT data were recorded at 13 sta-
tions in southwestern Manitoba with an average station spacing
of 50—70 km (Figures GS2025-9-1, -4). At each location, the LMT
station recorded time-series data for 10-20 days. The data were
recorded with Narod Geophysics Ltd.'s NIMS (Narod Intelligent
Magnetotelluric System), LMT instruments owned by the Univer-
sity of Alberta. Following best practices for LMT data collection,
the electrodes were buried 30—40 cm below the surface to avoid
the effects of daily temperature variations and precipitation.
Bentonite was placed in the electrode holes to improve electrical
contact with the ground. Stations were time synchronized using
GPS in order to allow for comparison of the time-series data and
the removal of noise. The LMT stations were installed at least
500 m away from major infrastructure to minimize cultural noise.
Each station produced 100-220 MB of time-series data. Data
were successfully recovered at all 13 stations.

Magnetotelluric data analysis

After data processing, reliable apparent resistivity curves
were obtained in the period range 5-10 000 s. Figure GS2025-
9-5a—d provides examples of data from the 2025 LMT survey. At
each station, the measured apparent resistivity at the highest
frequencies (>10! Hz) is determined by the structure of the near
surface. The shallow structure in the study area has an apparent

resistivity in the range of 1-10 000 ohm-metre (Q*m; as shown
by the variability in the soundings in Figure GS2025-9-5). Appar-
ent resistivity values at sites in the south (e.g., MGS202) are
closer to 1 Q*m, and they increase to 10 000 Q2*m as the sites
get farther north (e.g., MGS503). This is expected as sites farther
south are located above the thicker portions of the conductive
Western Canada Sedimentary Basin in Manitoba. Farther north,
the basin gets progressively thinner, and its influence on the data
decreases. The northernmost sites register high apparent resis-
tivity values, consistent with a shield environment and resistive
crystalline upper-crustal rocks.

At mid-frequencies (10? to 1073 Hz), results from the south-
ern sites show progressively higher apparent resistivity values,
consistent with the stable lithosphere of the Superior craton and
border of the THO. In comparison, results from the northern sites
show progressively lower apparent resistivity, albeit slowly.

At low frequencies (>103 Hz), apparent resistivity values at
all sites trend toward lower values, likely corresponding to either
deeper conductive features or the asthenosphere. A 2-D or 3-D
resistivity structure is indicated by the XY and YX curves diverging
as a function of frequency to some degree at all stations. If the
resistivity structure was 1-D the curves would be coincident.

Future work

Long-period magnetotelluric data are measured as a func-
tion of frequency and need to be converted into a resistivity
model as a function of depth and horizontal distance using a pro-
cess called inversion. The LMT data collected in Manitoba show
some 3-D characteristics (Figure GS2025-9-5), implying that a
3-D inversion approach must be used. The 3-D inversion models
will be produced using the ModEM (Modular system for Electro-
magnetic inversion) algorithm of Kelbert et al. (2014). Computer
resources will be provided by the Digital Research Alliance of
Canada. Prior inversions on the data collected in 2024 from 22
stations showed that a number of crustal conductors are located
in the west-central portion of the data grid, approximately 30—80
km east of The Pas, west-central Manitoba (Chase et al., 2024).
One major lithospheric conductor is present beneath the Snow
Lake mining district, and is similar to those observed by Chase
and Unsworth (2024) beneath mineralization in the Flin Flon and
La Ronge mineral belts. This suggests the deep crust and upper
lithospheric mantle have a role in the genesis and ascent of min-
eralizing fluids in both regions.

The inversion of the new LMT data collected in Manitoba
is still in progress. The planned research will combine the 2025
LMT data with the MT data collected by LITHOPROBE (Jones et
al., 2005), Chase and Unsworth (2024) and Chase et al. (2024),
together with the LMT data collected in Saskatchewan in 2025
(see Figure GS2025-9-1). The integrated dataset will be inverted
to produce a resistivity model that includes as much of the previ-
ously collected data as possible and that covers the extent of the
LMT data collected since 2021. The resulting 3-D resistivity model
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will be evaluated with a sensitivity analysis to determine which
model features are required. This will be followed by a systematic
interpretation of the 3-D resistivity model. Low-resistivity anom-
alies in this model will be quantitatively interpreted to determine
the cause of the low-resistivity anomalies. Anomalies present in
the crust will be evaluated using regional geology maps, drillcore
and geophysical data, which will allow for a better understanding

Figure GS2025-9-3: a) Layout of a long-period magnetotelluric (LMT)
station. Installation only requires digging 4—6 temporary holes in the
ground to a depth of 30-40 cm. The station typically occupies an area
that is up to 100 by 100 m in size. Examples of an LMT system (Narod
Geophysics Ltd.’s Narod Intelligent Magnetotelluric System [NIMS]) be-
ing b) deployed and c) recovered in the field in Manitoba.

of the structural controls related to their formation and how they
may relate to regional mineralization. The 3-D resistivity model
will be interpreted within the mineral systems framework (e.g.,
McCuaig et al., 2010; McCuaig and Hronsky, 2014) to determine
the factors that control the spatial distribution of mineralization.
In the long term, it is hoped that partnerships with private-sector
companies will allow for this grid to continue expanding north-

Report of Activities 2025

99



/ﬂj’ ; ;
MGS501! / \,/ 1
o G
| 'L 7
. LR,
52°N+ /lMi)jmig\‘egosis
o [
| d
MGS401!
51.5°N- ©
Dauphin
51°N-|
e
MGS302
O
50.5°N
MGS201!
SO — Prairie L
s Winnipeg
S ®
E= Brandon
[
©
>
c
2
49.5°N{ 8 N/ F
=3
ke
%)
3 % MGS101 E@GSIOZ '
Winkler
| 0 15 30 60 Kilometres
49°N | 1 | 1 |
Us. ¢
T T T T T T T T T
101.5°W 101°wW 100.5°W 100°W 99.5°W 99°W 98.5°W 98°W 97.5°W

Figure GS2025-9-4: Distribution of the long-period magnetotelluric (LMT) stations deployed in 2025 in southwestern Manitoba, shown as yellow dots
here and in Figure GS2025-9-1. Provincial Trunk Highways shown as red lines. Inset map shows the location of the survey area at the Manitoba—Sas-
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ward where access is more challenging. The grid of LMT stations
will also be combined with the EarthScope MT array in the con-
tiguous United States (Murphy et al., 2023). This will produce a
3-D resistivity model of the lithosphere of the entire THO, which
will offer improvements on tectonic evolution models for North
America.

Economic considerations

The MT resistivity model developed by Chase and Unsworth
(2024) for central Saskatchewan shows the presence of several
major lithospheric conductors beneath the Flin Flon and La
Ronge mineral belts. These conductors are connected to a con-
ductive anomaly in the underlying lithospheric mantle, located
beneath the Sask craton. These conductors were interpreted to
be due to the presence of sulphide minerals and graphite films
deposited by past episodes of fluid flow in the lithosphere. These

sulphide minerals may be effective carriers of economically
important base and precious metals (e.g., Tomkins and Evans,
2015; Walters et al., 2020). Thus, detection of these major con-
ductors may help to locate areas favourable for mineralization
and enhance the prospectivity of known areas. Ultimately, these
conductors may help explain why economic mineralization is
concentrated beneath the Flin Flon and La Ronge mineral belts.
This may suggest that there are regional whole-lithosphere con-
trols on the distribution of mineralization in this region of the
THO. The LMT data collected in 2024 (Chase et al., 2024) will be
used alongside the data collected in 2025 to evaluate if similar
conductors are present in Manitoba and if they may be linked to
potential mineralization. Critically, the new LMT data will be used
to determine if potential mineralization may be present beneath
the Western Canada Sedimentary Basin. At its northern reaches,
where the basin rapidly thins, there may be additional targets
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Figure GS2025-9-5: Apparent resistivity and phase curves as a function of frequency for four long-period magnetotelluric (LMT) stations installed as
part of this study: a) station MGS202; b) station MGS403; c) station MGS501, d) station MGS503. The apparent resistivity curves are obtained from
the ratio of components of the electric and magnetic field measurements. The X and Y correspond to measurements of these fields in the north-south
and east-west directions, respectively. Red curves are the transverse electric mode, which is highly sensitive to conductive features. Blue curves are the
transverse magnetic mode, which is sensitive to both resistors and conductors, but the latter less so than the transverse electric mode. The functions la-
belled T,, and T,. are the components of the tipper (T) and are computed from the ratio of vertical (z) to horizontal (x and y) magnetic field components.
The tipper is highly sensitive to conductive features. The real and imaginary (imag) components of the tipper are the in-phase and quadrature com-
ponents, respectively. The locations of the stations chosen are shown in Figure GS2025-9-4. Abbreviations: QQ*m, ohm-metre; deg, degree; Hz, hertz.
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that are largely accessible but have escaped detection due to
burial beneath relatively shallow sedimentary overburden.
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