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Introduction

Geothermal energy can provide reliable electricity and heat
generation sources. Geothermal systems are geological set-
tings defined by temperature, and geological and hydrolog-
ical characteristics. In addition to heat and fluid source
characteristics, reservoir properties such as porosity and
permeability play an important role in determining whether
a reservoir can be economically exploited for geothermal
energy (Williams et al., 2011; Moeck, 2014).

Different geological, geochemical and geophysical tech-
niques have been used to evaluate geothermal systems
around the world. Geophysical exploration methods are re-
quired to image the fluid and temperature regimes of a geo-
thermal system, as they provide a means of resolving reser-
voir physical parameters such as porosity and permeability
(van Leeuwen et al., 2016). The fluid flow pathways in
these reservoirs are often controlled by permeable and po-
rous material created by geological features such as frac-
tures, joints and faults. The objectives of these geophysical
surveys are to define the boundary of a geothermal reser-
voir and its physical properties in order to evaluate its
commercial viability (Didana et al., 2017; Thiel, 2017).

The magnetotelluric (MT) method is an electromagnetic
exploration technique that measures the magnetic and elec-
tric fields on the Earth’s surface (Chave and Jones, 2012).
Natural electromagnetic waves span a broad frequency
range of 0.001 to 40 000 Hz. The audio-magnetotelluric
(AMT) method measures the natural electromagnetic fields
at the higher frequencies (1 to 40 000 Hz), which permits
mapping of shallow subsurface structures.
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This project investigates the geothermal systems in the
Mount Meager Volcanic Complex (MMVC) of southwest-
ern British Columbia (BC) using 3-D inversion of AMT
data. This project was initiated in 2019 in support of the
geothermal research at the MMVC as part of the Garibaldi
Geothermal Volcanic Belt Assessment Project (Grasby et
al., 2020, 2021, 2023). This paper reviews the background
of the AMT research and summarizes the results and the
progress of ongoing research.

Study Area and Geological Setting

The MMVC, with elevations rising to >2600 m, is an active
volcanic complex within the Garibaldi volcanic belt, situ-
ated approximately 150 km north of Vancouver, BC (Fig-
ure 1; Ghomshei and Clark, 1993; Jessop, 2008). The Gari-
baldi volcanic belt is a glaciovolcanic arc of young
(<11 000 years old) volcanoes (e.g., Mount Garibaldi,
Mount Cayley, Mount Meager [Wilson and Russell, 2018;
Venugopal et al., 2020]), extending from the northern part
of the State of Washington through southwestern BC
(Figure 1; Jessop, 2008).

The geological units underlying the MMVC (including
Mount Meager, Plinth Peak and Pylon Peak) are Mesozoic,
fractured, crystalline and metamorphic rocks (Read, 1977).
The volcanic rocks in the MMVC include basalt, andesite
and rhyodacite flows, rhyodacite domes and pyroclastics
(Read, 1977). The hydraulic conductivity of these base-
ment rocks and volcanic rocks is mainly controlled by frac-
ture porosity (Jamieson, 1981). In the MMVC, springs and
vents trend northward and occur where rocks are fractured
and dissected by faults (Bernard, 2020). Among these
springs are the Meager Creek (30-59°C) and Placid (45°C)
hot springs, and No Good warm spring (30—40°C), all of
which lie along Meager Creek (Ghomshei and Clark, 1993;
Proenza, 2012; Huang, 2019). Significant faults include the
Meager Creek, No Good and Camp faults (Figure 2).
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Figure 1. Location of the Garibaldi volcanic belt, south-
western British Columbia. Study area outlined in blue in

northwestern corner (after Lewis
Ghalati et al., 2022).
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Project Background

Research and exploration of geothermal resources at the
MMVC, which has one of the highest geothermal poten-
tials in Canada, have been conducted since the 1970s
(Grasby etal., 2012). Previous MT surveys of the area used
few stations and (now) outdated techniques (Jones and
Dumas, 1993; Candy, 2001). By employing new tech-
niques and equipment, a comprehensive AMT dataset
(from 84 stations) was collected in 2019, and for the first
time focused on the surface-to-reservoir depths to address
the gaps of earlier studies (Figure 2; Craven et al., 2020;
Hormozzade Ghalati et al., 2021a, b).

Data and Methodology

The MT method is a passive electromagnetic method that
uses the Earth’s natural electric (£) and magnetic (H) fields
to identify subsurface electrical resistivity structures
(Simpson and Bahr, 2005; Chave and Jones, 2012). In the
MT method, an impedance tensor (Z) relates the £ and H
components in x and y directions (geographic co-
ordinates), defining north and east, respectively, as
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Figure 2. Overview of the study area, Mount Meager Volcanic Complex. Locations of stations in Figure 3
and cross-sections in Figure 5 are shown. All co-ordinates are in UTM Zone 10N, NAD 83. Abbreviations:
Camp, Camp fault; MCF, Meager Creek fault; NGF, No Good fault.
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Using inversion techniques, apparent resistivity (p,) and
the phase (@) are calculated (in i and j directions) from the
impedance tensor’s components, in imaginary (Im) and real
(Re) parts, as functions of frequency (Equations 2, 3), de-
pending on the angular frequency (o) and the magnetic per-
meability of free space (l; Simpson and Bahr, 2005).

1 2
pa,ij(m)_m[zij ((D)] (2)
C(1m(Z, o)
@, (o) =tan [Re(Z”(u)))J (3)

Producing an electrical resistivity model from inversion of
MT data provides a tool for estimating the physical proper-
ties of rocks. The electrical resistivity of rocks is influenced
by factors such as lithology, porosity, temperature and sa-
linity of the fluid filling the pores (Chave and Jones, 2012).
Also, fault and fracture zones that contribute to fluid circu-
lation may exhibit electrical resistivity differences (Mufioz,
2014). Rocks have different mineral contents with variable
pore shapes and interconnectivity, all of which can influ-
ence the electrical resistivity (p=1/c where o is electrical
conductivity), defined by Archie’s law (Archie, 1942):

5, =007, )

where ¢ is porosity, m is the cementation factor, G, is the
bulk electrical conductivity and o is the fluid electrical
conductivity (Siemens/metre [S/m]). A modified Archie’s
law defines the relationship between electrical conductiv-
ity and porosity considering two-phased electrical con-
ductivity (o is the solid phase conductivity of the material

[S/m]; Glover et al., 2000):
o, =6,¢" +o, (I-¢)
_log (1-¢")
log (1-9)

(&)

Results

This paper presents an overview of the project’s prelimi-
nary results and the ongoing research direction. Detailed
results of the 3-D inversion of the AMT data can be found in
Hormozzade Ghalati et al. (2022).

The preferred electrical resistivity model is based on
CGG’s RLM3D MT inversion code, used to invert the im-
pedance tensors (Soyer et al., 2020). The model was
discretized into 153 by 116 by 89 cells in three dimensions,
northwest-southeast, northeast-southwest and depth, re-
spectively. The central core of the model mesh was divided
into 75 by 75 m cells for lateral discretization. Padding was
added around the core area for boundary condition calcula-
tions. The dimensions of these paddings were calculated
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using a multiplicative factor of 1.5 in all lateral directions.
Layers in the MT model were discretized into 40 m thick-
nesses at elevations 0f475-2350 m above sea level (asl), to
give high accuracy responses for the data on the mountain-
sides. Subsequent layers were increased by a factor of 1.12
to a depth of 3500 m below sea level (bsl), and a factor of
1.25 to the bottom of the model. The overall root mean
square (RMS) of the inversion was 1.30 after 75 iterations.
The apparent resistivity and phase responses of the 3-D in-
version model fit well to the observed data. Comparison be-
tween the observed data and the calculated responses for
two stations (33 and 86) were plotted to assess the data mis-
fit at the final iteration (Figure 3a, b).

The resistivity model normally identifies values above
200 ohm-m (Q-m) that are immediately under the surface,
which can be interpreted as a region (R) where hot geother-
mal fluids do not alter the rocks and the temperature is less
than 70°C. The section beneath this layer is a conductive
zone. At MMVC, two conductive zones (C1, C2) were cor-
related with the location of faults, distribution of alteration
minerals, as reported in borehole geological logs, and mea-
sured temperatures (Figures 4, 5a—c). Conductive zone C1
reaches the surface where hot and warm springs seep into
Meager Creek and is well correlated with the location of
springs (Figure 5b, ¢). In boreholes, these shallower zones
(C1, C2) can be correlated to argillic alteration minerals,
characterized by the presence of smectite, illite and rare ka-
olinite, and measured temperatures of 70—160°C (Proenza,
2012, and references contained therein). The C1 and C2
conductive zones observed in the model are interpreted to
map the low permeability clay-rich layers that act as
caprocks and enable the accumulation of deeper hot fluids.
The caprock is located on top of a zone with higher resistiv-
ity values (15-150 Q-m), corresponding to borehole tem-
peratures of 160—270°C (Figure 5a; Proenza, 2012, and ref-
erences contained therein).

The results show the potential of using 3-D inversion of
AMT data to map the fluid pathways at MMVC. These
pathways are moderately conductive zones that show high
porosity using Archie’s law and modified Archie’s law
(Equations 4, 5). Moreover, these pathways correlate with
lost-circulation zones in borehole logs (Proenza, 2012, and
references contained therein).

Summary and Future Work

This project provides a detailed near-surface electrical re-
sistivity model of the Mount Meager Volcanic Complex
(MMVC) study area, using data from a dense grid of audio-
magnetotelluric (AMT) stations, and a modern algorithm,
which allowed 3-D mapping of the reservoir zones that ac-
counted for the steep mountain topography. The resistivity
model demonstrates the pattern of caprock and fluid flow
zones in the area. Geological log and temperature data were
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Figure 4. Horizontal plan views from the final audio-magnetotelluric model at elevations of a) 500 m above sea
level (m asl), and b) 0 m asl, at the Mount Meager Volcanic Complex study area. Location of hot springs (red
dots), faults (solid and dashed lines) and audio-magnetotelluric stations (black triangles) are shown. Colour bar
is the same for both plots. All co-ordinates are in UTM Zone 10N, NAD 83. Abbreviations: C1, C1 conductive
zone; C2, C2 conductive zone; Camp, Camp fault; MCF, Meager Creek fault; NGF, No Good fault.
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ble interpretation for the conductive zones is
that they are impermeable caprocks that act as
the seal for underlying geothermal reservoirs.
The caprock is interpreted to be deeper in the
northern part of the study area, which can be
considered for exploitation purposes. Since
clay minerals do not have sufficient effective
porosity and permeability to permit fluid flow
to the production wells, considering such
models reduces the risk of future develop-
ment of geothermal resources.

As this is an ongoing project, further studies
are needed to evaluate the petrophysical prop-
erties of the geothermal reservoirs. Future
work is planned to 1) include laboratory mea-
surements and rock physical properties to es-
timate reservoir characteristics based on the
b AMT electrical resistivity model of the

Placid
hot spring

3000

Distance (m)

1000

No Good

warm spring

2000
Distance (m)

3000

Resistivity
(ohm.m)

1508.9
898.7
5352
318.8

189.8

BERREREEN

1131

673

40.1

239

14.2

[ [ RRRERREEEN

85

MMVC study area and 2) incorporate a previ-
ously published deep MT model to find the re-
lationship between shallow conductors, mag-
ma source and possible fluid pathways at the
MMVC study area.

The MMVC was selected for the current
study due to a wealth of legacy data, a result of
itsrole as the first target for geothermal explo-
ration in Canada. This area has potential due
to the existence of warm and hot springs, ex-
tensive borehole coverage and nearby com-
munities supportive of alternative energy de-
velopment. Results of this project will
improve the understanding of the geology and
hydrothermal alteration caused by circulating
hot water and provide insight into ideal loca-
tions for further production and reinjection
boreholes. The results and the continuation of
this research will support the broader goals of
reducing the technical and economic risks of
geothermal exploration in the Garibaldi vol-
canic belt.
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Figure 5. Cross-sectional views through the final 3-D resistivity
model of the Mount Meager Volcanic Complex study area:
a) oblique view in northwest-southeast direction (a—a1), b) west-
east view (b—b"), ¢) north-south view (c—c'). See Figure 2 for loca-
tions of cross-sections. Black arrows show the potential direction
of fluid flow. The limit of the near surface region (R) where hot geo-
thermal fluids do not alter the rocks and the temperature is <70°C
is shown by a dashed blue line. Location of hot springs (red dots),
faults (dot-dash lines) and audio-magnetotelluric stations (black
triangles) are shown. Colour bar is the same for all plots. All co-or-
dinates arein UTM Zone 10N, NAD 83. Abbreviations: C1, C1 con-
ductive zone; C2, C2 conductive zone; Camp, Camp fault; MCF,
Meager Creek fault; NGF, No Good fault.
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