AER/AGS Special Report 117 H Alberta
Energy
| ]
wge Regulator

Deep Electrical Structure of the
Buffalo Head Hills and Birch
Mountains, Northern Alberta:
Implications for Diamond
Exploration

AGS PN

ALBERTA GEOLOGICAL SURVEY



AER/AGS Special Report 117

Deep Electrical Structure of the Buffalo Head
Hills and Birch Mountains, Northern Alberta:
Implications for Diamond Exploration

B.F.W. Chase', M.J. Unsworth', D.l. Pana? and E. Wang'

' Department of Physics, University of Alberta
2 Alberta Energy Regulator
Alberta Geological Survey

March 2024



©His Majesty the King in Right of Alberta, 2024
ISBN 978-1-4601-5717-6

The Alberta Energy Regulator / Alberta Geological Survey (AER/AGS), its employees and contractors
make no warranty, guarantee, or representation, express or implied, or assume any legal liability
regarding the correctness, accuracy, completeness, or reliability of this publication. Any references to
proprietary software and/or any use of proprietary data formats do not constitute endorsement by the
AER/AGS of any manufacturer’s product.

If you use information from this publication in other publications or presentations, please acknowledge
the AER/AGS. We recommend the following reference format:

Chase, B.F.W., Unsworth, M.J., Pana, D.I. and Wang, E. (2024): Deep electrical structure of the Buffalo
Head Hills and Birch Mountains, northern Alberta: implications for diamond exploration; Alberta
Energy Regulator / Alberta Geological Survey, AER/AGS Special Report 117, 40 p.

Publications in this series have undergone only limited review and are released essentially as submitted
by the author.

Authors address:

B.F.W. Chase, M.J. Unsworth and E. Wang
Department of Physics

University of Alberta

Edmonton, AB T6G 2E3

Canada

Tel: 780.492.3041
Email: bchasel @ualberta.ca

Published March 2024 by:
Alberta Energy Regulator
Alberta Geological Survey
Suite 205

4999 — 98 Avenue NW
Edmonton, AB T6B 2X3
Canada

Tel: 780.638.4491
Email:  AGS-Info@aer.ca
Website: ags.aer.ca

AER/AGS Special Report 117


mailto:bchase1@ualberta.ca
mailto:AGS-Info%40aer.ca
https://ags.aer.ca/

Contents

ACKNOWICAZEIMENLS .....eeiiiiieeiiiiiee et e eesiieeeesitteeeetbteeeesetreeessssseeesesssaeeeasssseeessnsseeessnssseesssssseessnsseeessnns vi
W o1 s o1 SO OSSR vii
L G113 (T L1 15 )  FO PRSPPSO 1
B € 1T0) (o4 Tor: T BN 141 oV SRR 3
2.1 Buffalo Head Hills Kimberlite Field..........ccoccoiiiiiiiiiiiiiceeeee e 3
2.2 Birch Mountains Kimberlite FIeld...........cccooiiiiiiiiiiiiiiiiieceeee e 4
3 Previous GEOPhYSICAl SUIVEYS.....cccciiiiiiiiiiiee ittt ettt e ettt e e e st e e e e tae e e s snnbeeesentaeeesennreeesennnees 4
4 Magnetotelluric Data Collection in 2022..........cccuuiieeriiiieeriiieeeeiiiee et e e e eireeeseebeeeesenreeessnnreeessnnnees 5
5 Magnetotelluric Data ANALYSIS........ccviiiiiiiiieeieiiieeeeriiee et e et ee e s et e e e etre e e s sareeesenraeeessnnreeesennees 6
5.1 TimeE-SerieS ANALYSIS .....ueeiiiiiireiiiiiieeiiiiieeeeititeeeetiteeeestateeeetbeeesesssaeeessssseeessnssaeesssnsseessssseeessnns 6
5.2 Apparent Resistivity, Phase, and Tipper CUIVES ..........ccccuieerriiiirerniiiieeeeiiieeeeniieeeeeirreeeesenreeeennns 7
5.3 PRASE TOMSOTS ..eeuutiiiniiieiiiee ittt ettt ettt ettt ettt e sttt e eat e e sbte e ettt e sabe e e sbb e e e bt e e sabteesabeeebteesabaees 8
6 3D Inversion of Magnetotelluric Data...........cueiiiiiiiiiiiiiiiiie ittt 8
6.1 Observations on the 2022 Model of Wang and Unsworth ...........ccceeceeiieviiiiieiniiiiee e, 11
6.2 Observations on the New 2023 3D Resistivity Model..........cooooueiiiiiiniiiiniiiiiiieniiciecee e, 18
A L0053 4 o) (21 5 () D O OO O TP UPOTOTPTROP PR 18
I 0707116 11 R 1011 LSRR 21
L S (=) (=) 1 o1 PR 22
Appendix 1 — Raw Data from the 2022 Magnetotelluric Stations ..........c.ccccereveeirieeriiieniieinieenieereene 25
Figures
Figure 1. Tectonic map of Alberta showing sites of the University of Alberta’s long-period
magnetotelluric stations that collected data for this study .........ccocceeiiiriiiniiinee 2
Figure 2. Schematic cartoon showing the layout of a typical magnetotelluric site...........cccevveeerieeenieennne. 6
Figure 3. [lustration of the skin depth CONCEPL........uviviiriiiiiieiiiee et s 7
Figure 4. Phase tensors in Alberta at periods of 23, 98, 569, and 5461 seconds..........cccceeevevvveeerrnreeennennen. 9
Figure 5. Root mean square misfit maps for the 2022 model and 2023 model............cccoceerniiiniiiannnne 10
Figure 6. Horizontal model slices from the 2022 resistivity model at depths of 0.5, 5.5, 12, and 30 km
DEIOW SEA LEVEL.....eeitiiiiiiieie ettt ettt 12
Figure 7. Horizontal model slices from the 2023 resistivity model at depths of 0.5, 5.5, 12, and 30 km
DEIOW SEA LEVEL.....eeiitiiiiiiiiiie ettt st e 13
Figure 8. Horizontal model slices from the 2022 resistivity model at depths of 86, 105, 141, 189, and
254 KM DEIOW S€a LEVEL ..ceuviiiiiiiiiiiiiiii e 14
Figure 9. Horizontal model slices from the 2023 resistivity model at depths of 86, 105, 141, 189, and
254 KM DEIOW S€A LEVEL ...eeiiiiiiiiieiiiiie ettt e e eree e e e bre e e e enraeeeeaes 15
Figure 10. North-south vertical depth slices of the northern portion of the model region......................... 16
Figure 11. East-west vertical depth slices of the northern portion of the model region...........cccccceeeuenne 17

Figure 12. (a) Horizontal model slices from the 2022 resistivity model showing the Birch Mountains

conductor at depths of 105, 141, and 189 km below sea level. (b) Horizontal model slices from
the seismic model of Chen et al. at depths of 100, 150, and 200 km bsl. (c) Vertical model
slices from the seismic model of Chen et al. (d) Vertical model slices from the 2023 resistivity

100107 (<] T OO SOO ST PO PO P PPRRPPPTRTORO 19
Figure 13. Isosurface plot from the 2023 resistivity model at 30 ohmemetres showing the geometry of the

low resistivity anomalies in the Study area ............ccceieeiiiiieiriiiieeiiiee e 20
Figure 14. Data from station AER Q0T ........ccooiiiiiiiiiiiiieiiie ettt ettt e e et e e sneeee e 26
Figure 15. Data from station AER 002........ccooouiiiiiiiiiiiieeiee ettt ettt e e et e e sieeee e 27
Figure 16. Data from station AER 003 ........coooiiiiiiiiiieee ettt ettt e e et e e sneeee e 28
Figure 17. Data from station AER Q04........ccoouiiiiiiiie ettt e ettt e e et e e sieeee e 29

AER/AGS Special Report 117 « iv



Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.

Data from station AER Q05.........oooiiiiiiiii
Data from station AER Q00.............ooooiiiiiiiii
Data from station AER Q07 .......coooiiiiiiiiii
Data from station AER Q08...........ooooiiiiiiiiii
Data from station AER 009...........ooooiiiiiiii
Data from station AER Q10 ...
Data from station AER Q11 ...
Data from station AER Q12
Data from station AER Q13 ... ...
Data from station AER Q14 ...
Data from station AER O15.... ..o

AER/AGS Special Report 117

v



Acknowledgements

The authors are grateful to Zo€ Vestrum, Erich Slobodian, Cedar Hanneson, and Javier Gonzalez
(University of Alberta) for their assistance with data collection. Alberta Energy Regulator personnel who
helped with permitting are also thanked. The three-dimensional magnetotelluric inversions used ModEM:
the Modular system for Electromagnetic inversion supplied by Anna Kelbert. The Digital Research
Alliance of Canada is thanked for use of their computer resources to run inversions. Maps were prepared
using The Mathworks, Inc.’s MATLAB and Esri’s ArcGIS®.

AER/AGS Special Report 117 « vi



Abstract

Geophysical studies on several continents have shown that diamondiferous kimberlites are sometimes
spatially associated with geophysical anomalies in the lithospheric mantle. This includes magnetotelluric
(MT) studies that have shown that diamondiferous kimberlites are sometimes underlain by zones of low
electrical resistivity (conductors) in the lithosphere. A number of explanations have been proposed for the
low resistivity of these regions and include (1) lithosphere enrichment, (2) the formation of hydrous
minerals by metasomatism, or (3) the presence of conductive mineral phases such as graphite and
sulphides. The relationship between these low resistivity anomalies and kimberlite diamond potential has
been suggested as having value in exploration. However, this link has not been definitively established.
Northern Alberta is an ideal location to further evaluate this relationship because the region hosts two
distinct kimberlite fields, the Buffalo Head Hills and Birch Mountains fields. These kimberlite fields are
underlain by regions of the mantle with different values of electrical resistivity. The Buffalo Head Hills
kimberlite field has good diamond potential and is underlain by a resistive lithospheric mantle. The Birch
Mountains kimberlite field has poor diamond potential and is underlain by a major lithospheric mantle
conductor. The study of the kimberlites and the surrounding regions has produced xenolith analytical,
mantle petrological, and regional geophysical data that can be integrated with the MT data in order to
provide a more rigorous interpretation of the properties of the lithosphere. Ultimately, the spatial
relationship between lithospheric mantle conductors and diamondiferous kimberlites may be a useful tool
in area selection during diamond exploration.

The number of MT stations previously deployed in northern Alberta was quite limited, and parts of the
resulting resistivity model were poorly resolved. To improve model resolution, the University of Alberta
and the Alberta Energy Regulator undertook a long-period MT survey in northern Alberta in the summer
and fall of 2022. In total 15 stations were deployed and spaced approximately every 50 km. The survey
was aimed at filling in a gap in MT station coverage between the two kimberlite fields as well as placing
additional MT stations above the conductor beneath the Birch Mountains kimberlite field. Time-series
data were acquired and used to compute apparent resistivity and phase data in the period range of 1—-

10 000 seconds. Three-dimensional (3D) MT inversion was used to convert these MT data into an
electrical resistivity model of the region that imaged the entire lithosphere. The 3D resistivity model
shows that the conductor beneath the Birch Mountains kimberlite field does not extend west towards the
Buffalo Head Hills kimberlite field, and that it is narrower than previously imaged. The new MT data also
help to remove uncertainty about the spatial position and geometry of this conductor, which was
previously constrained by data from only a few MT stations. Initial modelling results suggest that the
prior interpretations of the conductor being caused by lithosphere enrichment or hydrous minerals is
valid. A more extensive mantle resistivity modelling approach will be undertaken in the future to fully
evaluate which conductivity-enhancing mechanism can best explain the low resistivity observed beneath
the Birch Mountains kimberlite field. These results will be integrated with regional xenolith analytical,
mantle petrological, and geophysical data to determine if there is a genetic relationship between the low
resistivity anomaly and kimberlite diamond potential.

This work was completed under the Mineral Grant provided by the Government of Alberta dated June
22,2021.
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1 Introduction

Diamonds are formed in the deep lithospheric mantle where the pressure is high enough to allow carbon
to turn into diamond. Diamonds are brought to the surface by the eruptions of kimberlites, which are
small volume, volatile-rich melts that originate in the asthenosphere. As kimberlites ascend through the
lithospheric mantle to the Earth’s surface they entrain xenoliths, which can include diamonds if they are
present (Russell et al., 2019). Although originally associated with Archean lithosphere, kimberlites and
diamonds have recently been shown to frequently form and erupt within Proterozoic terranes (e.g., Liu et
al., 2018; Czas et al., 2020). This has expanded the search area for kimberlite pipes that may contain
economically significant quantities of diamonds. Kimberlite exploration is inherently challenging because
pipes are usually less than 1 km in diameter and typical exploration areas are hundreds to thousands of
kilometres in extent. As diamond exploration in Canada moves towards greenfield areas (i.e., unexplored
regions) alongside more difficult targets in brownfields (i.e., previously developed or explored regions),
additional criteria will be invaluable for area selection to help lower exploration costs.

Magnetotelluric (MT) data have been used to study the electrical resistivity structure of the lithosphere in
regions containing diamondiferous kimberlites including in the Northwest Territories, Saskatchewan, and
South Africa (e.g., Ozaydin and Selway, 2022; Bettac et al., 2023). The interpretation of these MT data
has proven useful for kimberlite exploration in two ways: (1) detecting upper mantle resistivity anomalies
that may be correlated with diamondiferous kimberlites, and (2) providing information about the depth to
the lithosphere-asthenosphere boundary (LAB).

Regarding the detection of anomalies, studies in a number of cratons have shown that diamondiferous
kimberlites pipes are sometimes spatially associated with regions of low electrical resistivity (high
conductivity) in the lithospheric mantle (e.g., Jones et al., 2005; Ozaydin and Selway, 2022; Wang and
Unsworth, 2022; Bettac et al., 2023). In particular, Ozaydln and Selway (2022) showed that in various
cratons kimberlites tend to be distributed along the margins of conductors and avoid the most resistive
and most conductive regions. An early interpretation was that these conductors represented carbon in the
form of graphite, which was identified as the carbon that led to diamond growth (e.g., Jones et al., 2005;
Tiirkoglu et al., 2009). Geochemical data and laboratory experiments have cast doubt on these
interpretations, noting that graphite films are only stable at crustal depths and may be a transient feature,
potentially lasting for only a few tens of thousands of years (Zhang and Yoshino, 2017). Additionally, the
mantle is generally too oxidizing for graphite film formation, even at shallow depths, with the carbon
producing carbonate minerals rather than graphite (Frost and McCammon, 2008). More recent
interpretations have suggested that the low resistivity is due to metasomatism, a process where the
lithosphere is modified by fluids. These studies have concluded that a degree of fluid or melt
metasomatism is necessary to produce diamondiferous kimberlites (e.g., Ozaydin and Selway, 2022), an
interpretation that is consistent with geochemical results (Stachel and Luth, 2015).

The nature of this metasomatism and its genetic relationship with lithospheric mantle conductors and the
diamond potential of kimberlites remains unclear. Northern Alberta is an excellent region to investigate
this relationship. The region hosts two distinct kimberlite clusters known as the Birch Mountains and
Buffalo Head Hills kimberlite fields (Figure 1). Of the two, the Buffalo Head Hills kimberlite field has
the best diamond potential, including the possibility that large ultradeep diamond sources exist in the
asthenosphere (Banas et al., 2007; Eccles, 2011). In comparison, the Birch Mountains kimberlite field
appears to have poor diamond potential (Eccles, 2011). Interestingly, the Birch Mountains kimberlite field
is underlain by a low resistivity anomaly in the lithospheric upper mantle. In contrast, the Buffalo Head
Hills kimberlite field is not underlain by a conductor (Wang and Unsworth, 2022). The conduction
mechanisms and tectonic processes responsible for these contrasting mantle resistivity anomalies remains
unclear, as does the relationship between the geophysical anomalies and the diamond potential of each
kimberlite field.
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Figure 1. Tectonic map of Alberta showing sites of the University of Alberta’s (U of A) long-period magnetotelluric (MT) stations that
collected data for this study. Sites shown with yellow symbols are those stations deployed in 2022 with Alberta Energy Regulator
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Carbon is only stable in the form of diamond in the lower lithosphere at pressures greater than 3—5 GPa.
This provides an upper limit on the depths at which diamonds can be formed. In settings with a colder
geotherm, the diamond stability window begins at a shallower depth and has a greater depth extent. This
may permit ascending kimberlites to encounter and entrain more diamonds, producing a greater diamond
potential at the surface. The lower depth limit on diamond stability in the lithosphere is the depth of the
LAB. Identification of minerals entrained by kimberlites can be used to produce geotherms useful for
estimating the vertical extent of the diamond stability window. However, the depth distribution of these
minerals is often nonuniform. An alternative approach uses geophysical data to estimate the depth of the
LAB. As MT and seismic data are often sensitive to the change in rock properties at the LAB, they can be
used to independently estimate LAB depths over large areas (Eaton et al., 2009; Wang and Unsworth,
2022). This allows the depth extent of the diamond stability window to be determined in regions of
interest. This can help to overcome limitations posed by kimberlites, which provide information over only
a small area of the lithosphere or may not be accessible in certain exploration scenarios.

Continued development of the spatial and genetic relationship between lithospheric mantle conductors
and diamondiferous kimberlites may have profound implications for diamond exploration. These deep
mantle conductors could present much larger targets, useful for determining search areas during
exploration. This, in combination with the ability of MT to image the LAB, makes MT a valuable
reconnaissance tool when selecting target areas for exploration using more expensive techniques. In this
report, new MT data collected in 2022 in the area around the Buffalo Head Hills and Birch Mountains
kimberlite fields are discussed. These MT data were collected to improve upon the initial model of mantle
resistivity structure in the region by Wang and Unsworth (2022). These new MT data will be used to
determine (a) which conduction mechanisms caused the low resistivity zone detected in the mantle,

(b) how these zones are related to regional tectonics, and (c) how the zones may be related to kimberlite
diamond potential.

2 Geological Setting

The surficial geology in the region is characterized by glacial deposits and a 1-2 km thick section of
Phanerozoic sedimentary rocks of the Western Canada Sedimentary Basin (WCSB). The kimberlites have
intruded into these sedimentary rocks and reached the near surface. Beneath the WCSB, the rocks consist
of crystalline basement terranes that were accreted to the continent during the assembly of Laurentia in
the Paleoproterozoic (Hoffman, 1988). These basement terranes will be discussed separately in relation to
each kimberlite field.

2.1 Buffalo Head Hills Kimberlite Field

The Buffalo Head Hills kimberlite field is located in the Buffalo Head terrane (Figure 1). This
Paleoproterozoic terrane has an age of 2.3-2.0 Ga (Ross et al., 1994) and is interpreted to be a rifted sliver
or accretionary terrane that first collided with the western Chinchaga domain during the collision of the
Rae and Slave cratons (Ross, 2002). During accretion, it was located between west- and east-dipping
subduction zones to the west and east, respectively (Ross, 2002; Ross and Eaton, 2002). An alternative
model suggests that the west-dipping subduction zone was east dipping (Chaco et al., 2000). Another
alternative model proposed that the basement is composed of Archean crustal materials that were
reworked during the Paleoproterozoic (Burwash et al., 2000). This model does not appear to apply to the
lithospheric mantle, as a lack of subcalcic G10 peridotitic garnets argues against the presence of Archean
lithosphere (Eccles, 2011).

Kimberlite magmatism occurred in the Buffalo Head Hills kimberlite field during the Late Cretaceous to
Paleocene, from ca. 88 to 60 Ma (Kravchinsky et al., 2009; Eccles, 2011). The kimberlite magma sampled
a depleted lithosphere during ascent (Eccles and Simonetti, 2008). In total 41 kimberlite pipes have been
mapped in the Buffalo Head Hills kimberlite field. Of these, 28 are diamondiferous and the highest
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diamond grade was estimated at 55 carats per hundred tonnes (Eccles, 2011). The most economically
attractive prospects are located in the northwestern portion of the field.

2.2 Birch Mountains Kimberlite Field

The Birch Mountains kimberlite field is located in the Taltson magmatic-arc terrane (or Taltson—Thelon
orogenic belt; Figure 1). The Taltson terrane was formed in the Proterozoic as either a plate-margin
magmatic arc over a west-dipping subduction zone (Ross, 2002) or a hinterland where magmatism was
triggered in response to crustal thickening from far-field convergence farther west (Chacko et al., 2000).
Both of these models suggest that the Taltson terrane was formed during the assembly of Laurentia, but
differ in the location of the terrane with respect to the plate boundary and the presence of subduction in
the region.

Kimberlite magmatism occurred in the Birch Mountains kimberlite field during the Late Cretaceous, from
ca. 78 to 70 Ma (Eccles, 2011). In comparison to the Buffalo Head Hills kimberlite field, the kimberlite
magma sampled either remarkably thin lithosphere or an extensively re-enriched asthenosphere-type
mantle (Eccles, 2011). A few of the intrusions appear to have sampled or originated in shallow levels of
the mantle compared to other regional kimberlites (Eccles, 2011). Of the eight known kimberlite bodies in
the Birch Mountains kimberlite field, two do not fit the definition of kimberlites and instead appear
similar to young (ca. 60 Ma) alkaline-ultrabasic intrusions in the Buffalo Head Hills kimberlite field
(Eccles, 2011). Multiple kimberlites have been sampled for diamonds and have yielded diamond-poor
scenarios with only a few micro- and macrodiamonds recovered (Eccles, 2011).

3 Previous Geophysical Surveys

Much of the geophysical data collected in northern Alberta remains in the private domain as part of
hydrocarbon or mineral exploration and development efforts by industry. Publicly available data is
limited and consists of gravity and aeromagnetic survey data of various vintages. Aeromagnetic data have
been used extensively in diamond exploration. This is because the majority of kimberlites have a strong
magnetic contrast with the surrounding sedimentary rocks (e.g., Pilkington et al., 2000; Ross and Eaton,
2002; Skelton et al., 2003). In cases where kimberlites are nonmagnetic, other geophysical methods are
used in exploration. This includes electromagnetic, gravity, and seismic methods, which have helped to
discover additional targets (Skelton et al., 2003). Investigations using acromagnetic data to delineate
regional deep-seated structures that controlled kimberlite emplacement have not yet been performed.
However, seismic and gravity data have delineated the Peace River Arch, an east-northeast—trending
basement-rooted structure that may have influenced kimberlite emplacement (Eccles, 2011).

Geophysical imaging at crustal and lithospheric mantle depths in the region has been performed using
both MT and seismic data. The first major MT dataset was collected as part of the LITHOPROBE project
in the 1990s. During LITHOPROBE, data were collected at 323 long-period MT stations in Alberta with
the aim of studying the Paleoproterozoic basement terranes. This project included a number of MT
stations near the Buffalo Head Hills kimberlite field. These data showed a one-dimensional (1D)
resistivity structure in the upper 2-3 km that corresponded to the strata of the Western Canada
Sedimentary Basin. The MT data also showed the presence of a two-dimensional (2D) resistivity structure
at greater depths in the crystalline basement. A major crustal conductor, the Kiskatinaw conductor, was
imaged near the Alberta—British Columbia border (Boerner et al., 2000).

For the past two decades, the University of Alberta has collected MT data at locations across the province
with stations located near both the Buffalo Head Hills and Birch Mountains kimberlite fields (Figure 1).
The depth of investigation depends on the type of instrument used and the length of recording. For upper
crustal studies, broadband MT data is collected for 18—24 hours and produces data in the frequency band
of 1000-0.001 Hz. For studies of the lower crust and upper mantle, lower frequencies (longer periods) are
needed. Long-period MT data typically requires recording for 2—3 weeks at each location and produces
data in the frequency range 1-0.0001 Hz, which corresponds to periods of 1 to 10 000 seconds. Long-
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period MT data collected near the Buffalo Head Hills kimberlite field by Tiirkoglu et al. (2009) showed
additional conductors were spatially associated with terrane boundaries. The conductors were interpreted
as zones where graphite films or sulphide minerals had been deposited by fluid movement during
tectonism (Tiirkoglu et al., 2009; Wang and Unsworth, 2022). The occurrence of graphite was significant
because at upper mantle depths it could represent the carbon that resulted in diamond growth at greater
depths (Tiirkoglu et al., 2009). Wang et al. (2018) and Wang and Unsworth (2022) collected additional
long-period MT data in the region and found additional conductors that they associated with terrane
boundaries and faults. A recently published 3D resistivity model of the entire province produced by Wang
and Unsworth (2022) shows that the lithospheric mantle is highly conductive beneath the Birch
Mountains kimberlite field and highly resistive beneath the Buffalo Head Hills kimberlite field. The
authors interpreted this difference to reflect more intense mantle enrichment and metasomatism beneath
the Birch Mountains kimberlite field. This is in agreement with interpretations from regional seismic
studies showing a low velocity seismic anomaly in the lithosphere beneath and around the Birch
Mountains kimberlite field (Chen et al., 2020). The provincial MT dataset has also been used to interpret
conductors related to the tectonic assembly of Alberta farther south (e.g., Nieuwenhuis et al., 2014) and
for resource potential in specific areas (e.g., Liddell et al., 2016).

The study by Wang and Unsworth (2022) showed that additional long-period MT data collection was
necessary near the kimberlite fields to improve resolution of upper mantle resistivity structure. Critically,
the conductor beneath the Birch Mountains kimberlite field was constrained by only three MT stations,
limiting the resolution of its geometry. Additionally, no MT data were available from the region between
the two kimberlite fields. As a result, the spatial relationship between the conductor beneath the Birch
Mountains kimberlite field and region beneath the Buffalo Head Hills kimberlite field was unclear. The
current study focused on collecting additional MT data in order to overcome these limitations of the
previous work.

4 Magnetotelluric Data Collection in 2022

The MT survey was planned by the University of Alberta and Alberta Energy Regulator for 2022 in order
to improve MT station coverage and address the concerns described above. The survey was conducted in
two phases. The first phase aimed to collect MT data between the Birch Mountains and Buffalo Head
Hills kimberlite fields where no long-period MT data had been previously collected. This phase aimed at
determining if any conductors were present in the lithosphere between the two kimberlite fields or if the
conductor beneath the Birch Mountains kimberlite field extended farther west. The second phase aimed to
collect additional data around the Birch Mountains kimberlite field in order to improve the resolution of
the Birch Mountains conductor (BMC; Wang and Unsworth, 2022), which was previously constrained by
data from only a few MT stations (Figure 1). Long-period MT data were collected because they can be
used for imaging to the base of the lithosphere.

Over the two phases, 15 long-period MT stations were deployed with an interstation spacing of
approximately 50 km (Figure 1). At each location, the MT stations recorded data for 10-14 days. The MT
data were recorded with Narod Geophysics Ltd.’s NIMS (Narod Intelligent Magnetotelluric System)
long-period MT instruments, which are owned and operated by the University of Alberta. These MT
instruments record two orthogonal electric field components and three magnetic field components as a
function of time (Figure 2) with an 8§ Hz sampling rate. Following best practices for data collection,
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. Each station was time synchronized using GPS in order to allow for the comparison of the time
series and noise removal. Despite extensive oil and gas production infrastructure in the region, cultural
noise was minimal, and the MT stations were always installed more than 500 m away from any major
infrastructure. Each station produced approximately 150 MB of time-series data.
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Figure 2. Schematic cartoon showing the layout of a typical magnetotelluric (MT) site. Note that
components are not to scale.

5 Magnetotelluric Data Analysis

The MT method uses natural electromagnetic signals that penetrate the Earth to measure subsurface
resistivity. At frequencies greater than 10 Hz, these signals are generated by global lightning activity, and
below 1 Hz they are primarily generated by interactions between solar wind and the magnetosphere
(Simpson and Bahr, 2005). The depth of signal penetration is proportional to the period ( 7; the reciprocal
of frequency) of the signal and is represented by

6 =503,/pT, (1)
where p is the electrical resistivity of the Earth measured in ohmemetres (Q2*m) and 9 is the depth of
signal penetration, called the skin depth, measured in metres. Figure 3 shows how the skin depth, as a
function of period, decreases in mediums with lower electrical resistivity values. Typically, signals
recorded by long-period MT systems are capable of imaging the entire lithosphere.

5.1 Time-Series Analysis

The electric and magnetic field data are recorded in the time domain. They are then transformed into the
frequency domain using Fourier analysis to give spectra as a function of frequency. The magnetic field
spectra are H(w), Hy(w), and H-(w) and the electric field spectra are Ex(w) and E,(w), where o is the
angular frequency. These quantities can be related by

_ Ei(w)
Zij = @ @
where Z is the impedance tensor, and i and j are the X, y, or z components of the respective orthogonal
fields. For 3D analysis and modelling, the MT impedance is a complex-valued, full-rank, second-order
tensor represented by

Zy (W) Zyy (@
2w — [Zxx( )2 @] .
yx(@) Zyy (w)
Apparent electrical resistivity can be obtained from the impedance by
T 2
pij(T) = ;u|zij| , “4)

where p is the magnetic permeability of free space. The apparent resistivity provides an estimate of the
electrical properties of the subsurface. Regions of low resistivity can indicate the presence of water, melt,
lithosphere modification, and hydrous mineral phases, which can be related to tectonic processes.
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Figure 3. lllustration of the skin depth concept. At higher resistivity values (on the left), the lowest
frequency signals penetrate deeper than 250 km. At lower resistivity values (on the right), the
lowest frequency signals are quickly attenuated within the upper 50 km of the lithosphere. Figure
modified from Hanneson and Unsworth (2023). Abbreviation: QQ, ohm.

5.2 Apparent Resistivity, Phase, and Tipper Curves

The apparent resistivity, phase, and tipper curves for each new site are shown in Appendix 1 (Figures 14—
28). In these figures, the red and blue curves in the apparent resistivity window correspond to the XY and
Y X components of the data, respectively. The XY component is computed from the north-south electric
field and east-west magnetic field. The YX component is computed from the east-west electric field and
the north-south magnetic field. If the two curves are coincident, this can indicate that the subsurface is
characterized by a 1D resistivity structure. Differences between the curves can indicate the presence of a
2D or 3D resistivity structure. Determination of dimensionality requires that the apparent resistivity and
phase are examined as a function of a coordinate system.

A common pattern in the northern Alberta data is that as period increases, the apparent resistivity rises
then falls. This generally reflects a three-layer resistivity structure with

1) anear-surface, low resistivity layer that can be identified as the sedimentary rocks of the WCSB,
2) an underlying high resistivity layer that can be identified as the lithosphere, and
3) adeep, low resistivity layer that can be identified as the asthenosphere.

There are some systematic differences between the 15 sounding curves (Figures 14-28), generally in the
degree to which the XY and YX data components are different at periods greater than 10—100 seconds.
This indicates deviations from a simple 1D resistivity model. To determine a resistivity model, a formal
inversion process is required, as described below (Section 6).

AER/AGS Special Report 117 « 7



5.3 Phase Tensors

The dimensionality of the MT data was evaluated using phase tensors. Phase tensors display the
azimuthal variation of the impedance and give a graphical way, in the form of a coloured circle or ellipse,
to determine if the subsurface has a 1D, 2D, or 3D resistivity structure (Caldwell et al., 2004). The
direction of the major axis (i.e., long axis) of the ellipse is either parallel or perpendicular to the
geoelectric strike, typically representing the conductive anomalies of interest. A parameter called the
skew angle is also calculated, it indicates the dimensionality and is represented by the colour of the circle
(Booker, 2014). A circular phase tensor with zero skew reflects a 1D resistivity structure, an elliptical
tensor with zero skew indicates a 2D resistivity structure, and an elliptical tensor with non-zero skew
indicates a 3D resistivity structure (Caldwell et al., 2004; Booker, 2014). An important aspect of the phase
tensor is that it is not affected by near-surface galvanic distortions (Booker, 2014).

The phase tensors in Alberta are shown in Figure 4. At periods of less than 20 seconds, the data are 3D in
nature, which reflects the low resistivity and structural complexity of the WCSB. For periods from 20 to
200 seconds, the data are again 3D in nature around the Birch Mountains kimberlite field, which
corresponds to the BMC noted by Wang and Unsworth (2022). Around the Buffalo Head Hills kimberlite
field, the 3D dimensionality likely reflects a conductive structure east of the kimberlite field, as observed
by Tiirkoglu et al. (2009), Wang et al. (2018), and Wang and Unsworth (2022). In the period range of
200-2000 seconds, the dimensionality of the data becomes more 1D to 2D, likely reflecting a simpler
lithosphere structure below the major conductors. At periods greater than 2000 seconds, the data again
become 3D, likely reflecting the complexity of the asthenosphere and LAB in the region (Wang and
Unsworth, 2022).

6 3D Inversion of Magnetotelluric Data

The MT data presented in Figures 4 and_14-28 are shown as a function of frequency. To use these MT
data to investigate the Earth’s structure, the MT data must be converted into a resistivity model as a
function of depth and horizontal position. This is done using a mathematical process called inversion,
which produces a model of subsurface resistivity that fits the measured MT data curves to a specified
statistical misfit. To do this, the inversion program represents the resistivity structure of the Earth as a set
of layers or cells that each have an associated electrical resistivity. The predicted MT response of this
model is compared to the measured MT data curves. The resistivity model is refined in a series of
iterations until the predicted MT response of the model matches the measured MT data to within a
specified tolerance. The inversion of MT data can use 1D, 2D, and 3D approaches. The 1D approach is
the simplest and assumes a resistivity model with a set of horizontal layers (Simpson and Bahr, 2005).
The 2D approach uses a model where resistivity varies with depth and distance along a profile of MT
stations (Simpson and Bahr, 2005). A limitation of the 2D approach is that it assumes that the resistivity
structure is invariant in the direction perpendicular to the profile. This may be approximately true in some
cases, but in general the resistivity structure of the crust and upper mantle varies in three directions. The
3D inversion approach makes no assumptions about the subsurface structure but requires a much greater
number of parameters than the 1D or 2D inversion approaches to define the subsurface structure. This
means that the computational cost of a 3D inversion is far greater than for 1D or 2D inversions.

All inversions are subject to non-uniqueness, which means that many resistivity models can satisfy the
measured MT data to the same statistical tolerance. Many inversion algorithms impose the requirement of
spatial smoothness on the resistivity model. Thus, the inversion algorithm seeks the smoothest model that
is consistent with the measured MT data. This reduces the number of artifacts introduced into the
resulting model. Non-uniqueness can also be minimized by applying knowledge of regional geology and
using other types of data as constraints during inversion or interpretation.
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diagrams show trends in the orientations of the major and minor axes of the phase tensors. Black
dots indicate sites of magnetotelluric stations and white diamonds indicate individual kimberlite
and similar intrusions. Thin black lines represent tectonic terrane boundaries (see Figure 1). Thick
black lines represent the provincial borders. Abbreviations: BH, Buffalo Head Hills kimberlite field;

BM, Birch Mountains kimberlite field.

The 3D inversion approach was used because the survey collected data from a grid of stations (Figure 1)

and the phase tensors in Figure 4 showed that the resistivity structure of the subsurface is three

dimensional. In this study, the 3D inversion approach was performed using the ModEM (Modular system
for Electromagnetic inversion) code of Kelbert et al. (2014). This inversion process is computationally
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demanding, requiring the use of high-performance computer clusters. Two resistivity models were
obtained by the inversion of the MT data and are compared in this report.

The 2022 resistivity model, published by Wang and Unsworth (2022), includes all of the long-period MT
data collected across Alberta prior to 2022 (Figure 1). The 2022 model was obtained by the following
inversion procedure. The inversion began from a starting model that had a uniform resistivity of

100 Qem. The model was divided into cells that were 8 km wide in both the north-south and east-west
directions. In the vertical direction, the first row of cells was assigned a thickness of 60 m and subsequent
cell thicknesses increased geometrically by a factor of 1.2. This resulted in a total of 70 cells in the
vertical direction. The starting model contained 198 by 136 by 70 cells. The inversion used data from 396
MT stations (in Alberta and southeastern British Columbia; Figure 1) and obtained a final root mean
square (RMS) misfit value of 1.533 after 302 iterations (Figure 5). Topography was not included in this
inversion. Error floors of 10% and 5% were applied to the diagonal and off-diagonal components of the
impedance tensor, respectively, to handle noise in the data and avoid overfitting some data with small
errors. Wang (2019) and Wang and Unsworth (2022) performed robust analyses of the sensitivity of the
MT data to the various anomalies. The results of those studies showed the major conductors, including
the BMC, were required to fit the measured MT data.

The 2023 resistivity model was obtained by an inversion of the original MT data and the additional MT
data collected in 2022, from a total of 411 stations (in Alberta and southeastern British Columbia;
Figure 1). The 2023 inversion used the same starting model and parameters as the 2022 model. The 2023
inversion obtained a final RMS misfit value of 1.4746 after 315 iterations (Figure 5). Again, topography
was not included in this inversion.

Overall root mean square misfit = 1.53%85 Overall root mean square misfit = 1.47365
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Figure 5. Root mean square misfit maps for the 2022 model (left) and 2023 model (right). The value
for each station is represented by a coloured ellipse. White diamonds indicate individual
kimberlite and similar intrusions. Thin black lines represent tectonic terrane boundaries (see
Figure 1). Thick black lines represent the provincial borders. Abbreviations: BH, Buffalo Head Hills
kimberlite field; BM, Birch Mountains kimberlite field.
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A comparison of both resistivity models across all of Alberta is described below. However, given that the
recently collected MT data focused on the Birch Mountains and Buffalo Head Hills kimberlite fields, this
will remain the focus of the discussion in this report. Readers interested in the analysis and interpretation
of the additional features and anomalies outside of this region are directed to Nieuwenhuis et al. (2014),
Liddell et al. (2016), Wang et al. (2018), and Wang and Unsworth (2022).

6.1 Observations on the 2022 Model of Wang and Unsworth (2022)

Slices from the 2022 model are shown in Figures 6 (with comparable 2023 slices shown in Figure 7), 8
(with comparable 2023 slices shown in Figure 9), 10, and 11 and show the following:

o In the depth range 0—1 km bsl, a series of shallow conductors are located around both kimberlite
fields (Figure 6). The features have resistivity values in the range of 1-30 Qem and can be identified
as the sedimentary rocks of the WCSB. These WCSB conductors are more obvious farther south
where the MT station coverage is denser. The WCSB is spatially continuous in both the north-south
and east-west directions. However, it is not imaged as a horizontally continuous layer because of the
relatively large distance between the MT stations. This phenomenon has been observed in the
inversion models obtained in other MT studies, including the EarthScope project in the United States
(Bedrosian, 2016).

o In the depth range 2-20 km bsl, the region around the Buffalo Head Hills kimberlite field is resistive
with resistivity values in the range of 100—10 000 Qem (Figure 6). This can be interpreted as
representing the crystalline rocks that underlie the WCSB. In contrast, around the Birch Mountains
kimberlite field, a series of discrete 1-10 Qem conductors are present in the crystalline basement
(Figure 6).

+ In the depth range 20—70 km bsl, the same resistivity pattern as the 2—20 km bsl depth is observed.
Beneath the Buffalo Head Hills kimberlite field, the crustal and upper mantle resistivity remains high.
Beneath the Birch Mountains kimberlite field, the resistivity increases with depth but remains lower
than beneath the Buffalo Head Hills region (Figure 6).

» Between 100 and 200 km bsl, a major north-south trending region of low resistivity (1-50 Qem),
termed the BMC, is observed east and northeast of the Birch Mountains kimberlite field (Figure 8).
North-south cross-sections of the model are displayed in Figure 10 and show that the BMC first
appears at a depth of 100 km bsl. The southern edge dips steeply to the south of the Birch Mountains
kimberlites (Figure 10). The northern edge dips northwards at a gentler angle until the boundary of
the model (Figure 10). Slightly east of the Birch Mountains kimberlite field, the BMC appears to
connect upwards with the shallow conductors located in the crust near the Birch Mountains kimberlite
field and farther north near Fort Chipewyan (Figures 1, 10, and 11). Where MT station coverage is
the densest, east of the Birch Mountains kimberlite field, a resistive block appears to interrupt these
low resistivity structures. East-west cross-sections in Figure 11 show that the BMC appears as a
conductive impingement on another otherwise resistive lithosphere. North of the Birch Mountains
kimberlite field, this impingement rises to a depth of 100 km bsl; farther south it only rises to a depth
of 180 km bsl.

» Starting at a depth of 150 km bsl, the BMC bends westwards until it underlies the Birch Mountains
kimberlite field at a depth of 200 km bsl (Figures 8 and 11). The resistivity increases with depth until
250 km bsl where it merges with a regional scale 20-30 Qem conductor underlying most of northern
Alberta, which can be identified as the asthenosphere (Figure 8). The lithospheric resistivity beneath
the Buffalo Head Hills kimberlite field is the exact opposite of what is observed beneath the Birch
Mountains kimberlite field. In fact, it distinctly remains the most resistive lithosphere in northern
Alberta until the regional conductor at 250 km bsl is encountered (Figure 8).

AER/AGS Special Report 117 -« 11



Depth = 0.5 km bsl

60ON Depth = 5.5 km bsl
i A/
° ;:. ! i
pee® ol
7 % ;
58N LR T
BHe, ~ N B
. ‘.‘-'ws " 5'0
560N -.-“‘_ ' SN .E_. ]
. h’g
e®
540N_ ............ —r e
‘o..::i:'. %
% o ® AT
oon | 54 "yl
N ot
500N_ ,,,,,,,,,,,,,,, . oul ; ,“.:n,. ,,,,,,,,,,,,,,,,,
i 00 ¢
Depth = 12 km bsl Depth = 30 km bsl
i 3 {1
. / .
58°N ) .
*I.I ¢ { Y ,.
L] ~ ]
® L
56°N) e ey
H p: ..
.‘b - »
4 L et/ : 3
. *e’a 3 3 . [
L] . { 1 1 | . [ ] L]
AN > O S R
» o 1%
e "‘f‘.
50°N ] '
) . e
= =2 =2 =2 2 = = 2 2 2 =2 =
Q o] o o @] o] Q Q (@) (@] o] Q
S DB ETNS B 28R 3FEE

Figure 6. Horizontal model slices from the 2022 resistivity model at depths of 0.5, 5.5, 12, and
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