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Introduction

British Columbia (BC) has a range of significant geother-
mal resources in settings that include volcanic systems,
fault-hosted systems and hot dry rock. Volcanic systems are
found in the Garibaldi volcanic belt (GVB), including at
Mount Meager, and fault-hosted systems are found near the
southern Rocky Mountain Trench (SRMT). Both fault-
hosted geothermal systems and hot dry rock resources are
found in the Columbia Mountains.

Geophysical exploration using electromagnetic (EM)
methods—including magnetotelluric (MT) surveys—is
widely used in geothermal studies. These methods have
been used to investigate two areas in southern BC, at differ-
ent spatial scales:

1) Southeastern BC: aregional study at a large spatial reso-
lution with horizontal model discretization of 5 km. This
study had the aim of correlating regional-scale crustal
structures with small-scale geothermal systems.

2) Mount Meager: a study surrounding the Mount Meager
massif at a smaller spatial resolution with horizontal
model discretization of 250 m. This study had the aim of
imaging deep hydrothermal systems and magma bodies
associated with a Holocene volcanic centre.

The study of the Mount Meager volcanic system is part of a
multidisciplinary research program (the Garibaldi volcanic
belt geothermal energy project) that includes magnetotel-
luric, passive seismic and gravity surveys, bedrock map-
ping, fracture analysis, and thermal-spring geochemistry
(Grasby et al., 2020).

Tectonic and Geological Settings

The studied areas are located in the Canadian Cordillera
and adjacent Western Canada Sedimentary Basin (WCSB;

The lead author is a 2021 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.

Geoscience BC Report 2022-02

Figure 1). The Cordillera is an orogenic belt that covers
much of BC and Yukon, as well as the western edges of Al-
berta and the Northwest Territories, and it is commonly di-
vided into five morphogeological belts based on bedrock
type and geomorphology. From west to east, they are: 1) the
Insular Belt, 2) the Coast Belt, 3) the Intermontane Belt,
4) the Omineca Belt, and 5) the Foreland Belt. The SRMT
separates the Omineca and Foreland belts.

The Juan de Fuca Plate, situated offshore southwestern BC
and northwestern Washington, subducts beneath the North
American Plate at the Cascadia subduction zone (Figure 1).
The tectonic convergence rate between these two plates is
~40 mm/year (Kreemer et al., 2014). Dehydration of the
subducting slab releases volatiles into the overlying mantle
of'the North American Plate, lowering its melting point and
creating a region of partial melt, which leads to volcanism
at the surface (Stern, 2002). The chain of volcanoes result-
ing from this subduction is called the Cascade volcanic arc.
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Figure 1. Southwestern Canada and northwestern United States
showing the two study areas (red boxes). Study area 1 is centred
on southeastern British Columbia but extends east into the prov-
ince of Alberta and south into the states of Washington, Idaho and
Montana. Study area 2 is centred on Mount Meager in the Cascade
volcanic arc. Provincial, state and federal boundaries (black lines),
morphogeological boundaries (blue lines), plate boundaries (red
lines) and major volcanic centres (red triangles) are also shown.
Abbreviations: Exp., Explorer Plate; Ida., Idaho; N.A., North Ameri-
can Plate; NFZ, Nootka fault zone; QCF, Queen Charlotte fault;
S.A., study area; Sask., Saskatchewan; SRMT, southern Rocky
Mountain Trench; Wash., Washington; WCSB, Western Canada
Sedimentary Basin.
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The northernmost segment of the Cascade volcanic arc
(north of latitude 48°N) trends roughly northwest, whereas
the rest of the arc trends generally north. The former, ex-
tending from Glacier Peak to Silverthrone Caldera, is the
GVB (Figure 2); the latter (south of the area shown in Fig-
ure 2), from Mount Rainier in central Washington to Mount
Lassen in northern California, is called the High Cascades
(Mullen et al., 2017). North of the Nootka fault zone (Fig-
ure 1), the plate boundary transitions from convergent to
transform, with strike-slip motion occurring north of the
Queen Charlotte fault, and the Cascade volcanic arc dies
out. In contrast to the Juan de Fuca Plate, the Explorer Plate
is subducting at a rate of only 5-20 mm/year (Hutchinson et
al., 2020).

Magnetotelluric Theory

The MT method uses natural EM signals to image the elec-
trical resistivity of the subsurface and is widely used in geo-
thermal exploration (Mufioz, 2014). The low-frequency ra-
dio wave sources are generated by global lightning activity
and interactions between solar wind and the Earth’s iono-
sphere. This EM method measures time series of electric
and magnetic fields at the surface of the Earth, then con-
verts them into frequency-domain transfer functions that
describe the impedance of the Earth. The impedance (Z) as
a function of angular frequency, o, is defined as a 2 by 2
tensor with Z(w) = Ej(w)/H;(w) for i,j = {x,y}, where E is
the electric field strength and H is the magnetic field
strength. The vertical magnetic transfer function, referred
to as the tipper (7), is defined as a vector with T,(w) =
H.(w)/H(w) for k= {x,y}. These transfer functions are used
to calculate the electrical resistivity at depth. The theoreti-
cal foundations of the MT method were developed by

lies. The frequency of the passive radio-wave source con-
trols the depth of exploration according to the skin depth
(8), which is defined in metres as & ~ 500(pT) "%, where p
is the bulk resistivity and T is the period of the signal.
Therefore, longer periods give information about deep-
er structures and signals are more attenuated in lower re-
sistivity materials. This broad depth range is a distinct
advantage over other EM methods that are more limited
in scale.

Resistivity models derived from MT data are an excellent
way to detect fluids in bedrock during geothermal explora-
tion; however, there are other causes of low resistivity in
the near surface and all possible explanations must be con-
sidered in a program of geothermal exploration. These in-
clude presence of hydrothermal alteration minerals (Ussher
etal., 2000; Hersir et al., 2015), graphite films (Frost et al.,
1989) and sulphide minerals (Varentsov et al., 2013). Addi-
tional geophysical and geological data are helpful in distin-
guishing between different low-resistivity materials.

The techniques available for the analysis of MT data have
drastically improved over the past decade due to increased
computing power. In the past, one-dimensional and two-di-
mensional (1-D and 2-D) inversions were used to derive
models of subsurface resistivity from MT data, but this
greatly limited the application of the method in complex
geological environments. Magnetotelluric data can now be
inverted to produce three-dimensional (3-D) resistivity
models using new inversion codes that are run on multipro-
cessor clusters (Kelbert et al., 2014; Lindsey and Newman,
2015). Topography can be modelled in 3-D and recent ad-
vances have allowed 3-D anisotropy to be modelled as well
(Kong et al., 2021).

Cagniard (1953) and a detailed description .
is given by Chave and Jones (2012). 52

The MT method has two main advantages
that make it suitable for geothermal explo-

ration: 51° 4.

1) It can effectively image aqueous and
magmatic fluids, both of which are rele-
vant to geothermal exploration. The
electrical resistivity of the crust varies
over several orders of magnitude: dry
crystalline rock has a resistivity in ex-
cess of 1000 Qem, whereas the presence
of aqueous fluids or partial melt can
lower this to values in the range 1-
10 Qem. Thus, MT data can help distin-
guish fluid-rich zones.
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Figure 2. Southwestern British Columbia and northwestern Washington showing
study area 2. Major volcanic centres of the Garibaldi volcanic belt are shown as red
triangles, cities and towns are shown as squares.
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Study Area 1: Southeastern BC
Geothermal Background

Study area 1 is centred on the SRMT, a major fault-controlled
valley in southeastern BC. The region surrounding the
SRMT is characterized by relatively high heat flow
(~75 mW/m?), and surface geothermal features such as the
Radium and Fairmont hot springs occur along the valley
floor, making it a promising target for exploration for geo-
thermal resources. Faults that occur within and adjacent to
the SRMT include: the SRMT fault, Purcell thrust fault,
Redwall fault and Lussier fault (Figure 3). The SRMT fault
underlies the SRMT for much of'its length, though there are
limited outcrop exposures of the fault itself. The fault dips
steeply west and estimates of normal dip-slip displacement
range from 2 to 10 km (McDonough and Simony, 1988; Gal
and Ghent, 1990; van der Velden and Cook, 1996). The
across-fault continuity of several transverse features, both
structural and stratigraphic, indicate that it does not exhibit
significant strike-slip offset (McMechan and Thompson,
1989), though Finley (2020) suggested the possibility of
post-Eocene dextral offset on the order of tens of kilo-
metres. The Purcell thrust fault lies within the SRMT from
latitude 51.5°N (north of Golden) to latitude 50.5°N (near
Invermere). This fault is regarded as an out-of-sequence
thrust fault that developed during the last stages of Meso-
zoic compression. Notably, no thermal springs occur along
the SRMT where the Purcell thrust occurs, suggesting this
structure may not be conducive to fluid circulation or that
there is limited fluid supply at depth.

The Redwall and Lussier faults are parallel to and east of
the SRMT, between the towns of Radium and Cranbrook.
The nature of these faults is not well understood, and they
have variably been interpreted as dextral, sinistral or thrust
faults (North and Henderson, 1954; Charlesworth, 1959;
Foo, 1979). Many thermal springs near the southern por-
tion of the SRMT in fact coincide with these faults rather
than the SRMT fault itself, hence their inclusion in this
study.

Within study area 1, MT data collected at more than 300 lo-
cations during the current and previous studies cover
mainly the Omineca, Foreland and Intermontane belts of
the Canadian Cordillera (Figure 3). In this region, heat flow
is anomalously high, 70-120 mW/m”, compared with the
national average of 64 +16 mW/m” (Majorowicz and
Grasby, 2010). For comparison, an average of 85-90 mW/
m’ is observed in the Basin and Range province to the
south, which hosts many of the United States’ high-temper-
ature (>150°C) geothermal systems (Wisian and Black-
well, 2004). The presence of more than 40 thermal springs
within study area 1 is suggestive of the region’s geothermal
potential.
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Figure 3. Magnetotelluric stations (red dots) used in the geophysi-
cal inversion to produce the electrical resistivity model shown in
Figures 6 and 7. The approximate extent of the southern Rocky
Mountain Trench is indicated by the red arrows. Provincial, state
and federal boundaries (black lines), morphogeological bound-
aries (blue lines), major faults (red lines), Cascade arc volcanoes
(white triangles), thermal springs (yellow dots) and population cen-
tres mentioned in the text (coloured diamonds) are also shown. Ab-
breviations: CB, Coast Belt; Cr, Cranbrook; FB, Foreland Belt; Go,
Golden; IB, Intermontane Belt; In, Invermere; LR, Lussier River
fault; OB, Omineca Belt; PT, Purcell thrust fault; Ra, Radium; RW,
Redwall fault; SRMT, southern Rocky Mountain Trench.

It has previously been suggested that the locations of these
thermal springs are controlled by faults (Grasby and
Hutcheon, 2001) that allow deep circulation and conse-
quent heating of meteoric water. Thermal springs in this
study area include the Wolfenden, Radium, Fairmont, Red
Rock, Lussier, Ram Creek and Wildhorse hot springs near
the SRMT (Grasby and Hutcheon, 2001; Allen etal., 2006).
Aqueous geothermometry has indicated that the spring wa-
ter reaches temperatures of ~40—100°C, implying circula-
tion depths of ~2—5 km (Grasby and Hutcheon, 2001). Al-
though these temperatures are on the lower limit of what
can be used to efficiently produce electricity, there is inter-
estin using these systems for direct-use geothermal heating
(Tuya Terra Geo Corp. and Geothermal Management Com-
pany, Inc., 2016). It is also important to note that convec-
tion and advection can have a cooling effect and may lower
geothermal resource potential; therefore, thermal springs
do not always indicate high geothermal potential (Grasby
and Ferguson, 2010).

Data and Methods

Study 1 used data from 336 MT sites in an area spanning
from latitude 47.7 to 54°N and longitude 112 to 122°W
(Figure 3). These data included 110 LITHOPROBE sites,
22 EarthScope USArray sites and 19 sites from other previ-
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ous studies. The University of Alberta MT research group
collected an additional 185 MT soundings between 2002
and 2018. The large extent of the grid (i.e., extending south
into the United States and east almost to the Saskatchewan
border) enhances the model precision in southeastern BC,
our area of interest, by extending the data coverage beyond
the southern Omineca Belt on all four sides. In previous de-
cades, inversion of MT data was limited to 1-D and 2-D,
producing resistivity models that were limited in their abil-
ity to adequately represent Earth structure. The develop-
ment of new inversion algorithms that run on multipro-
cessor clusters has allowed 3-D inversion to become
practical in recent years. The MT transfer functions (im-
pedance and tipper) were jointly inverted using the Mo-
dEM algorithm (Kelbert et al., 2014). The inversion used
data at 18 periods, logarithmically spaced between 1 and
18 000 s. Tipper data were omitted at the two longest peri-
ods; when they were included, they resulted in the highest
misfit of any single-component single-period misfit. Fur-
thermore, Meqbel et al. (2014) omitted tipper data at
periods longer than 6500 s to avoid external source bias,
which aligns with our methods.

The 336 sites were chosen from a total of more than 700
based on the high quality of their data and to ensure that sta-
tion spacing was as uniform as possible. The median dis-
tance between a station and its nearest neighbour was
22 km. The data were measured in geomagnetic co-ordi-
nates: magnetic north and east for x and y, respectively. For
the inversion, the data were rotated to a geographic co-ordi-
nate system: geographic north and east for x and y, respec-
tively. The following error floors were applied to the im-
pedance (Z) and tipper (7) data: 5% of (|ny|\Zy,‘|)1/2 to Zyy
and Zyx, 10% of (|Zy|Zx])"* to Zyy and Z,,, and 0.03 to T,
and 7y, where Zis a complex-valued 2 by 2 tensor and T'is a
complex-valued 2 by 1 vector. These are the same error
floors used by Wang (2019).

Study area 1 was approximately 700 km by 700 km; there-
fore, arelatively coarse mesh was used, as explained below.
The model cells were 5 km by 5 km in the horizontal plane,
with 12 padding cells increasing geometrically by a factor
of 1.4 away from the central grid. Given the areal extent of
the study area, this was the finest grid that could be mod-
elled using a reasonable amount of memory on a parallel
computing cluster; the inversion required roughly 500 GB
of memory for nearly four weeks. During data selection, lo-
cations were chosen to ensure that a minimum of two va-
cant grid cells separated any two MT sites. The uppermost
layer was 50 m thick, and the layer thickness increased geo-
metrically by a factor of 1.15 downward. The total model
volume was 2689 km from north to south, 2709 km from
east to west, and 1105 km from surface to base, allowing for
asignificant buffer around the study area. At the longest pe-
riod in our dataset, the skin depth ina 100 Qem half-space is
679 km; therefore, the model extended approximately 1.5
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skin depths in all directions. Due to the coarseness of the
mesh and the computing resources needed, topography and
bathymetry were not included in the model. The 3-D rect-
angular model mesh used for this study had 1.76 million
cells: 172 in the north-south direction, 176 in the east-west
direction, and 58 in the vertical direction.

Model covariance length scale, y, is a measure of model
smoothing applied across cell boundaries, where a higher
number allows more smoothing. The preferred inversion
used y = 0.3 in the horizontal directions and y = 0.4 in the
vertical direction, thereby allowing for lateral resistivity
variations that were less smooth than variations with depth.
The model had a tear halfway through the sedimentary bas-
ins of the upper crust, as determined by the CRUST 1.0
model (Laske et al., 2013), meaning that y was reduced to
zero at model cell interfaces corresponding to half of the
sedimentary layer thickness, hence no smoothing was im-
posed across the tear. This tear allowed for sharp resistivity
transitions, as might be expected from the layered sedimen-
tary geology of the WCSB. Typical sedimentary strata in
this region are Cretaceous siliciclastic rocks overlying De-
vonian carbonate rocks; since the latter are more resistive,
it is reasonable to place a tear within the sedimentary layer.
This initial condition had little effect on the resistivity
structure beneath the Cordillera, but it was used because it
did affect the resistivity structure beneath the WCSB (not
presented here). The inversion started with a regularization
parameter (A) of 1 and this value decreased, one order of
magnitude at a time, to a minimum value of 10™® by the end
of the inversion. With high values of A, the inversion will
prioritize a smooth model; with low values of A, the inver-
sion will prioritize low data misfit. This created smooth
models at early iterations, then allowed more complex
structures to emerge as the inversion progressed.

Upward of twenty 3-D inversions were run to examine the
available data and dependence on control parameters. The
preferred inversion used a starting model with 10 Qem above
the tear in the sedimentary rocks and 100 Qem everywhere
else. After 297 iterations, the inversion converged to a root-
mean-square (r.m.s.) misfit of 2.23 from a starting value of
16. Additional inversions are currently in progress and the
model is yet to be finalized; however, it is unlikely to
change significantly.

Study Area 2: Mount Meager
Geothermal Background

Study area 2 is centred on Mount Meager (Figure 2), which
is the volcano active most recently in the Canadian portion
of the GVB, with a major eruption ~2400 years ago (Hick-
son, 1994). The Mount Meager area drew attention as a
geothermal target in the 1970s because of two thermal
spring systems: Meager Creek springs and Pebble Creek
spring (Souther, 1981). Early exploration work included

Geoscience BC Summary of Activities 2021: Energy and Water



S

L

Geoscience BC

geothermometry, DC resistivity surveys and diamond drill-
ing (Fairbank et al., 1981). Lewis and Jessop (1981) mea-
sured heat flow of 132 mW/m” in a drillhole near Mount
Meager, which was elevated compared to a mean of
79 mW/m? in three other drillholes, each more than 10 km
from Mount Meager. Based on these studies, this volcano is
one of the most promising geothermal targets near to infra-
structure in Canada, and has been the subject of research
since the 1970s (Jessop, 1998). However, a number of bar-
riers to development have been identified and need to be
addressed.

One challenge to development at Mount Meager has been
the distance to the power grid. This has improved in recent
years since Innergex Renewable Energy Inc. (Innergex)
has been operating two run-of-river hydroelectric plants
near Mount Meager since 2017, as part of their Upper
Lillooet River hydro project. Electricity generated at these
two facilities is transmitted to the BC Hydro transmission
system by a 230 kV transmission line. The proximity of this
high-voltage line to Meager Creek has increased the eco-
nomic feasibility of a geothermal power plant in the area;
however, Innergex would be under no obligation to enter a
corporate relationship with a geothermal developer. Mea-
ger Creek Development Corporation is planning to produce

green hydrogen instead of delivering power to the grid, re-
moving this particular hurdle. Green hydrogen is produced
from water by electrolysis using renewable electricity.

Another challenge to development comes from landslide
hazards. A large rockslide and debris flow occurred at
Mount Meager on August 6, 2010, that displaced 48.5 mil-
lion cubic metres of material (Guthrie et al., 2012; Allstadt,
2013). Meager Creek was temporarily dammed, and the
flood risk led to the evacuation of 1500 residents of Pem-
berton (Guthrie et al., 2012). Therefore, landslide hazard
assessment is an important consideration for ongoing geo-
thermal development at Mount Meager.

Aremaining challenge comes from uncertainties in the per-
meability and porosity of the rocks in the reservoir. This
question can be addressed with geophysical studies that im-
age the subsurface structure, as described in this paper.

Data and Methods

Within study area 2, the available broadband MT data were
recorded at 73 stations within an area covered by latitudes
50.48 to 50.74°N and longitudes 123.29 to 123.71°W, as
shown in Figure 4. These data included seven soundings
collected in 1982 by the Pacific Geoscience Centre (Flores-
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Figure 4. Study area 2 showing locations of all 73 available broadband magnetotelluric data sites.
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Luna, 1986), 31 soundings collected in 2000 by Frontier
Geosciences Inc. (Candy, 2001), and 35 soundings col-
lected by the University of Alberta for this study, 23 sites in
2019 and 12 sites in 2020 (Unsworth et al., 2021). These
time series were processed using robust algorithms (Egbert
and Eisel, 1998) based on the theory of Egbert and Booker
(1986). These frequency-domain data were edited manu-
ally to remove outliers.

For this study, a resistivity model was obtained from joint
inversion of impedance and tipper data using 29 periods
(0.0025-1000 s) and 66 of the 73 available data sites (Fig-
ure 5). The data sites consist of two from 1982, 30 from
2000, 22 from 2019 and 12 from 2020. An inversion with
64 data sites (2000-2020 data) and another with 34 data
sites (2019-2020 data) will be performed at a later stage in
this study to test the robustness of the model and possible
influence of time variations; however, 20 to 40 years is a
relatively short amount of time when considering the evo-
lution of a magma body and its associated hydrothermal
systems (Arnorsson, 2014; Karakas et al., 2017).

A 5% relative error floor was applied to the impedance data
and a 0.03 absolute error floor was applied to the tipper

data. As for study 1, the ModEM algorithm (Kelbert et al.,
2014) was used to invert the data. The inversion started
from a 100 Qem half-space with an r.m.s. misfitof 11.7 and
converged to a resistivity model with a misfit of 2.0 after
670 iterations.

The 3-D rectangular model mesh used for this study had 2.1
million cells: 148 in the north-south direction, 136 in the
east-west direction, and 105 in the vertical direction. The
cells were 250 by 250 m in the horizontal plane, with 15
padding cells increasing geometrically by a factor of 1.35
away from the central grid (Figure 5). The upper layers
were 50 m thick, then layer thickness increased geometri-
cally by a factor of 1.1 below topography. The top 12 layers,
higher than all the MT sites, were removed to decrease the
total model size and the computing resources needed.

Resistivity Models
Southeastern BC

Although the resistivity model developed for study area 1
extends to depths in excess of 300 km, this paper only pres-
ents results for the uppermost 80 km and focuses on crustal
features. Attention is drawn to features near the SRMT, and
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Figure 5. Extent of central grid of study area 2 showing locations of the 66 magnetotelluric data
sites included in the inversion that produced the resistivity model shown in Figures 8 and 9. Points
of interest and mountain peaks are as labelled in Figure 4.
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the potential for future geothermal exploration is dis-
cussed.

In the model, the Canadian Cordillera in southeastern BC is
characterized by resistive upper crust and numerous dis-
crete mid- and lower-crustal conductors. To the east, be-
neath the plains of Alberta, the high-resistivity North
American craton is overlain by the low-resistivity WCSB.
Three horizontal slices of the preferred resistivity model
are presented in Figure 6.

A band of low resistivity west of the BC—Alberta border is
observed at crustal depths of 5-30 km (e.g., Figure 6a—b).
This lateral change in resistivity structure corresponds
roughly to the well-documented facies boundary between
the Paleozoic carbonate platform to the east and the shale-
dominated oceanic basin to the west. Rocks in the shale ba-
sin are more commonly deformed in a ductile manner, and
show pervasive penetrative cleavage and low-grade meta-
morphism, whereas the eastern carbonate rocks are typi-
cally deformed in a brittle manner, and are unmetamor-
phosed. It has been suggested that the facies boundary is the
trace of a continental suture (Johnston, 2008; Chen et al.,
2019), which may explain the contrasting electrical proper-
ties observed on either side. At depths greater than 25 km,
there could be partial melting in the southern Omineca Belt
(Ledo and Jones, 2001) and several large conductors ex-
tend below this depth in our model (Figure 6¢). At shal-
lower depths, low resistivity is more likely caused by inter-
connected saline fluids. Figure 6¢ shows the model layer at
a depth of 51-58 km, which is close to the depth of the
Moho near the SRMT (Bennett et al., 1975).

a) Depth =10 km

b) Depth =20 km c) Depth =55 km

A cross-section of the resistivity model for study area 1 is
presented in Figure 7. The profile A-B-C is roughly parallel
to the SRMT (see Figure 3) and passes close to eight ther-
mal springs. The northernmost of them, Canoe River hot
spring, is correlated with a large, low-resistivity anomaly
that was named the Valemount conductor (VC) in this study.
This oblong, northwest-trending crustal conductor is least
resistive (<1 Qem) beneath the Canoe River hot spring and
is 10-20 km thick for much of its length. To the northwest
of the hot spring, the conductor dips at ~45° to a depth of
~60 km, and to the southeast it extends horizontally for
more than 100 km. The VC is the deepest of the various con-
ductors resolved in our model beneath the SRMT. The
depth to the base of a conductor is poorly resolved by the
MT method, therefore it cannot be determined if the VC ex-
tends into the mantle. It must also be noted that the Moho in
Figure 7 is approximated by a straight line at 55 km depth
although its depth is likely variable along the profile. The
VC is located in the footwall of the SRMT fault, a west-
ward-dipping normal fault. The low resistivity could be
caused by saline fluids in porous fractured rocks near the
fault and/or conductive minerals (e.g., graphite, sulphides
or clays) deposited by prior fluid flow; however, interpreta-
tions are still in progress. Lee (2020) interpreted a shallow
crustal conductor near the SRMT fault in the same region as
more likely caused by graphite or sulphides than aqueous
fluids.

The seven hot springs on profile B-C (Figure 7) occur near
faults. Wolfenden and Radium hot springs are near the
southern end of the Purcell thrust fault and the northern end
of the Redwall fault; Fairmont and Red Rock hot springs
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w
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Figure 6. Horizontal slices of the resistivity model in the area bounded by latitudes 48.5-53.5°N and longitudes 114-120°W, at depths of
a) 9-11 km, b) 19-22 km, and c) 51-58 km. Provincial and federal boundaries (black lines), morphogeological boundaries (yellow lines),
surface traces of major faults (red lines), thermal springs (yellow dots) and magnetotelluric sites (black dots) are also shown. Abbreviations:
FB, Foreland Belt; OB, Omineca Belt. A cross-section along profile A-B-C is shown in Figure 7.
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Figure 7. Cross-section of the resistivity model for southeastern British Columbia in the vicinity of the southern Rocky Mountain Trench,
along with the locations of eight nearby thermal springs. The location of profile A-B-C and the resistivity colour scale are shown in Figure 6.
Approximate depth of the Moho (white dashed line at 55 km depth) is from a seismic refraction model (Bennett et al., 1975).

are near the Redwall fault; and Lussier Canyon, Ram Creek
and Wildhorse hot springs are near the Lussier River fault.
There are a few mid-crustal conductors beneath this cluster
of hot springs, predominantly in the 11-33 km depth range
(Figure 7). The observed low resistivity is likely caused by
aqueous fluids as these depths are within the 400-700°C
temperature range (Hyndman and Shearer, 1989; Currie
and Hyndman, 2006). The pattern of subparallel, discrete
conductors in the middle of profile A-B-C could be caused
by electrical anisotropy (e.g., Heise and Pous, 2001) and
will be subject to further investigation, such as forward mod-
elling and anisotropic 3-D inversion.

Low resistivity (0.1-10 Qem) is observed in the upper and
middle crust, extending ~100 km to the northwest from
point B, but there is a conspicuous absence of hot springs in
this region. This section of the profile is near the Creta-
ceous Purcell thrust fault, which was not reactivated by
Eocene extension nor modern transpression and is there-
fore likely not permeable. This low-resistivity anomaly is
shallowest beneath the Columbia River northwest of
Golden, BC. The low resistivity could be caused by con-
ductive minerals deposited by prior fluid flow associated
with the extinct Purcell thrust; however, the possibility of
saline fluids trapped beneath an impermeable layer or dif-
fused within a permeable layer such that they do not form a
discrete hot spring at the surface cannot be excluded. This
region is recommended for future geophysical research, for
example, a higher-frequency MT survey with shorter inter-
station distances. If possible, the resulting dataset should be
inverted using a 3-D anisotropic inversion program (e.g.,
Kong et al., 2021). Conductors associated with other clus-
ters of hot springs, in the central-southern Omineca Belt for
example, will be presented and discussed in future publica-
tions.

The resistivity model for study area 1 shows broad similari-
ties with previous MT studies in the Canadian Cordillera.
Rippe et al. (2013) used 2-D inversion of MT data to create
a pair of subparallel resistivity models of the southern Ca-
nadian Cordillera, and they imaged a crustal conductor be-
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neath the Intermontane and Omineca belts. These authors
showed that the mid-crust of the southern Canadian Cordil-
lera was characterized by low resistivity, which was inter-
preted as most likely a layer of aqueous fluids that may be
underlain by partial melt. On their southern profile, the up-
per surface of the crustal conductor was at a depth of
~20 km; a similar but less pronounced conductor, also at
~20 km depth, was observed on their northern model.
These lower crustal conductors were interpreted as saline
fluids and/or partial melt, with the weaker northern conduc-
tor inferred to be due to the reduced extension. Our model
shows a similar crustal conductor, but it is shallower and
has a more complex 3-D structure than in the 2-D studies.
Rippe et al. (2013) also showed that the low resistivity of
the upper mantle was consistent with the presence of a shal-
low asthenosphere at depths greater than 60 km. This
agreed with a lithosphere thickness of 50-60 km concluded
by Currie and Hyndman (2006) based on thermal constraints
and other observations.

Mount Meager

The resistivity model for study area 2 is presented in Fig-
ures 8 and 9; the model should be considered preliminary,
as discussed below in ‘Conclusions’.

The uppermost kilometre of the model has highly variable
resistivity. Near Mount Meager, the resistivity is generally
low (Figure 8a). This is likely caused by saline aqueous flu-
ids (brines) and hydrothermally altered rock.

There is a large conductor 5 to 8 km below sea level, be-
tween Mount Meager and Meager Creek (Figure 8b). It is
more than 7 km wide (Figure 9a), more than 10 km long
(Figure 9b) and more than 3 km thick. This anomaly is
likely caused by brines and partially melted rock, and it oc-
curs beneath the areas investigated with MT in 1982 and
2000 (Figure 4). The finer details of the resistivity model
may change as the model is refined, but this large feature is
certainly robust.
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Figure 8. Horizontal layers of the 3-D resistivity model for
study area 2 at a) 1.7 km above sea level, and b) 6.7 km
below sea level. Cross-sections indicated by lines A-A’
and B-B’ are shown in Figure 9.

Two general conclusions are very likely at this early stage: descriptions of these features will require further analysis,
1) there are localized regions of near-surface brines and hy- but these conclusions are not inconsistent with the last vol-
drothermally altered rock beneath the Mount Meager mas- canic episode on Mount Meager happening so recently, the
sif, and 2) there is a magma body beneath the Mount Mea-  degree of hydrothermal alteration seen in the near surface

ger massif in the depth range of 7 to 10 km. Detailed as a result of landslide failures, and the presence of long-
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Figure 9. Cross-sections of the 3-D resistivity model for study area 2 from
a) south to north (A-A’), and b) west to east (B-B’). Locations of the cross-

sections are shown on Figure 8b.

lived fumaroles (Hickson et al., 1999; Stewart et al., 2003;
Hickson, 2017). Implications for development of geother-
mal resources are also being considered.

Conclusions

The 3-D resistivity model presented in this paper for study
arca 1 shows that the mid-crustal layer is composed of a
number of discrete low-resistivity zones. Some of these ap-
pear to underlie regions with known geothermal manifesta-
tions, but others do not. It may be that some of these discrete
zones are representative of ‘blind” geothermal systems that
do not have surface manifestations. However, the observed
pattern may also be indicative of strong crustal anisotropy
that is poorly resolved with this isotropic inversion.
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As these results are still preliminary, further research is
needed in two new directions: 1) application of a new 3-D
anisotropic magnetotelluric inversion algorithm to test if
the pattern of discrete conductors is caused by electrical
anisotropy or a reasonable representation of the geology,
and 2) use of denser grids for the magnetotelluric data in ar-
eas of interest to detect fluid pathways from the mid-crustal
layer to the surface. A finer model mesh and higher fre-
quency data at additional locations would allow the resolu-
tion of smaller and shallower features. Two examples of
possible target areas are: 1) a region encompassing the
Redwall and Lussier River faults, where there are several
known hot springs; and 2) the southern Rocky Mountain
Trench northwest of Golden, where there is a notable ab-
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sence of thermal springs. Modelling of the upper-crustal
(e.g., top 5 km) resistivity structure, especially with the ad-
dition of topography, could image specific hydrothermal
systems associated with known hot springs, and possibly
locate potential blind geothermal systems.

The resistivity model presented in this paper for study area
2 is preliminary and the following research steps are cur-
rently in progress or being planned: 1) variation of smooth-
ing parameters, ¢.g., the regularization parameter (1) and
model covariance length scale (y); 2) testing of different
data subsets, e.g., without the 1982 and/or 2000 data; and
3) testing of data sensitivity and model resolution, e.g., for-
ward modelling and synthetic inversions.

After the resistivity model has been finalized, more detailed
interpretations will be made and will include: 1) estimation
of fluid content and relevant parameters using constraints
from geophysical and chemical experiments; 2) estimation
of melt fraction using constraints from petrological experi-
ments, as was done by Comeau et al. (2015) and Cordell et
al. (2018); and 3) joint interpretations using results from the
gravity and seismic investigations also being carried out for
the Garibaldi volcanic belt geothermal energy project. Au-
dio-magnetotelluric (AMT) data were also collected for
this project in 2019 (Craven et al., 2020) and the regional
model presented in this paper will assist the AMT interpre-
tations. The two resistivity models, with different spatial
scales, will be compared and possibly merged into one.
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