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Abstract
The objec�ve of this study is to search for features and indicators from the iden�fied geothermal 
resource sweet spot in the south Mount Meager area that are applicable to other volcanic complexes in 
the Garibaldi Volcanic Belt. A Landsat 8 mul�-spectral band dataset, for a total of 57 images ranging 
from visible through infrared to thermal infrared frequency channels and covering different years and 
seasons, were selected. Specific features that are indica�ve of high geothermal heat flux, fractured 
permeable zones, and groundwater circula�on, the three key elements in exploring for geothermal 
resource, were extracted. The thermal infrared images from different seasons show occurrence of high 
temperature anomalies and their associa�on with volcanic and intrusive bodies, and reveal the 
varia�on in loca�on and intensity of the anomalies with �me over four seasons, allowing inference of 
specific heat transform mechanisms. Automa�cally extracted linear features using AI/ML algorithms 
developed for computer vision from various frequency bands show various linear segment groups that 
are likely surface expression associated with local volcanic ac�vi�es, regional deforma�on and slope 
failure. In conjunc�on with regional structural models and field observa�ons, the anomalies and 
features from remotely sensed images were interpreted to provide new insights for improving our 
understanding of the Mount Meager geothermal system and its characteris�cs. A�er valida�on, the 
methods developed and indicators iden�fied in this study can be applied to other volcanic complexes in 
the Garibaldi, or other volcanic belts for geothermal resource reconnaissance.

Figure 1. Map showing loca�on of Mount Meager 
Volcanic Complex (MMVC) and the Garibaldi Volcanic 
Belt in western Canada (modified from Stewart, et al., 
2002). BR (Bridge River), CC (Mt. Cayley), EV (Elaho 
Valley), MG (Mt. Garibaldi), MC (Mountain Creek), MM 
(Mt. Meager), WP (Wa�s Point). (Insert from Mullen 
and Weis, 2015).

Figure 3. A flow chart showing the major components and interrelationship among various elements of this study 
(red box). Principal Component Analysis (PCA) was used for dimension reduction, K-means clustering method for 
feature classification, and Hough Transformation (HT) for linear feature detection. Land Surface Temperature 
(LST) were converted from Lansat 8 images (Table 1) using established method and workflow (Qin, 2011 and 
Darger, et al., 2019).

Figure 2. A composite colour Landsat 8 image of the study area (Red 
box in Fig. 1) showing loca�on of geothermal wells (red dots), hot 
springs (yellow pentagon), and major drainage system (blue lines). 

Methods & Workflow
Geological interpreta�on of remote sensing data is challenge because of: 1) mul�ple data sets from mul�-spectral channels, 
and mul�ple collec�ons in different seasons and years, and by different missions; 2) redundancy in similar, but different 
images resulted from overlapped physical responses in various spectral bands and repeated data acquisi�ons; 3) obscured 
and indirect rela�onship between features from images and surface/subsurface geology. Advanced image processing 
techniques and ML algorithms were used to reduce data redundancy and extract relevant features, and to eliminate 
subjec�vity and improve efficiency in data processing and interpreta�on (Figure 3). Principal component analysis was used 
for dimension reduc�on and highligh�ng special subtle features, K-means clustering for feature classifica�on, and Hough 
transforma�on for linear feature extrac�on. Land surface temperature conversion and geothermal heat flux mapping were 
conducted to outline surface temperature anomalies.

 Post-processing, including labelling classes from unsupervised K-means clustering analysis using verified features from 
previous explora�on, was performed to analyse iden�fied anomalies, aggregate various intermediate products to visualize 
the loca�on and intensity of geothermal anomalies, and to associate various linear segment groups with regional structural 
trends and local volcanic events. Confirmed anomalies were then integrated with field observa�ons and geophysical data to 
highlight the areas for further study. 

MMVC geothermal prospects and Geological Background

Mount Meager Volcanic Complex (MMVC) is a Quaternary volcanic massif that overlies on a post-
Miocene erosion surface of crystal basement (Lewis and Souther, 1978) at the north end of Garibaldi 
Volcanic Belt (GVB) that stretches from the south on the U.S boarder to the north at the Bridge River 
volcanic cones. The MMVC has been the focus of geothermal research and explora�on for a half century 
(Jessop, 2008). Other than MMVC, there has been limited geothermal research conducted in GVB given 
the remoteness and difficulty in access. Previous explora�on has outlined the poten�al high 
temperature geothermal resource prospects and demonstrated that the southern Meager Creek 
geothermal reservoir is a fractured crystalline basement consis�ng of metamorphic rocks and quartz 
monzonite plutons. Subsequent produc�on tests confirmed the presence of a permeable zone that 
defines the fractured reservoir, although the obtained water flow rate did not jus�fy a commercial 
power plant (GeothermamEx Inc., 2004). 

Table 1. Landsat 8 parameters of 
the data sets used in this study. 
Data were downloaded from  
U S G S  E a r t h  R e s o u r c e s 
Observa�on and Science (EROS) 
Center.

h�ps://earthexplorer.usgs.gov/. 

Table 2. Correla�on coefficients matrix 
of the 9 mul�-spectral bands of Landsat 
8 images acquired on 2018-10-19 
showing highly correlated image 
bands, par�cularly in visible and 
thermal infrared bands.

Fig. 5 Stacked linear segment maps from 12 thermal infrared image data sets acquired from 2014 to 2019 (Le�) and from a single 
acquisi�on of 9 mul�-spectral image bands (2018-10-19) (right) showing the similari�es and differences in the characteris�cs of 
extracted linear features. The TIR images shows features closely related with thermal anomaly boundaries, while linear features 
from a signal mul�-spectral are comprehensive, including topographical, vegeta�on and thermal boundaries, depic�ng erup�on 
centres by radial linear alignments and MMVC margin by polygonal alignment of linear segments.

Fig. 6 Linear features from the mul�-spectral images (2018-10-
19). The linear features are combined as specific spectral 
groups (visible, near infrared+short wave infrared (NIR+SWIR), 
thermal infrared (TIR) and all). Each linear feature group 
focuses on a specific range of wavelength and is sensi�ve to 
certain types of surface feature. 

Fig. 7 Le�: Thermal feature classifica�on results of TIR images (Table 1) overlain with extracted linear segments. PCA was used to reduce 
dimension and K-means clustering for classifica�on. Three PCA components (1,2,4) were u�lized to represent the spa�al varia�on of 
land surface thermal (solar radia�on) and geothermal energies. This TIR feature classifica�on from mul�-season TIR images has a high 
correla�on with LST (Fig, 9), and shows more per�nent geothermal related features than that from a single mul�-spectral acquisi�on. 
Right: Feature classifica�on map of the 20181019 single mul�-spectral data set, showing different categories of feature as feature 
classes. Similarity to the TIR indicates the common ground in thermal characteris�cs, while differences are reflec�on of dis�nct physical 
proper�es of the land surface in visible and NIR-SWIR wavelengths.

Fig. 8 Thermal feature classes from TIR images of different 
seasons (Table 1) showing inferred geothermal anomalies 
(golden brown) and its varia�on in ordinal categories. Solid red 
lines are major boundary faults detected from geophysical 
survey, and dashed lines are inferred faults from the major 
lineaments.

Fig. 9 Geothermal Heat Flux (GHF) components of LST shows 
temperature anomalies that may be associated with geothermal 
resources. Methods calcula�ng GHF component is referred to 
Chen et al (material submi�ed for publica�on).

Fig. 4 Images showing first three PCs (a, b and c) of the orthogonal transformed linear combina�ons of the original images in the 
9 bands (Table 1), which represents >98% of variance in the original data set (d); PC composite colour images from different 
combinations of PCs (e to h), and theme classification  of different classes (i to l) for data interpretations.
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Conclusions
Various features from Landsat 8 images were extracted and presented in 
different forms. A�empts were made to link the observed anomalies to 
known shallow temperature anomalies, iden�fied fractured/faulted zones 
in bedrock, and surface indica�ons of groundwater circula�on. We have 
the following observa�ons:
A) Major lineaments are in a good accordance geographically with field 
geophysical survey inferred faults (Fig. 9);
B) Linear features from images of specific spectral ranges differ, and vary 
spa�ally. Along the margin of MMVC, lineaments appear to be circular, 
separa�ng the complex from the surrounding areas. Radial lineament 
clusters are found common associated with volcanic erup�on centres 
within MMVC (Figs 5-6). TIR based lineaments are associated with surface 
and subsurface(?) thermal boundaries, while lineaments from full mul�-
spectral bands seem to be comprehensive, but more resenta�ve of surface 
processes;
C) Major LST anomalies have sharp linear boundaries (Figs. 7-10), and NE 
and NW trends dominate;
D) Thermal anomalies change with �me and vary spa�ally. Two types of 
surface thermal anomalies might be related to geothermal energy 
resources: a) persistent high thermal anomalies year around on recent 
exposed volcanic and intrusive bed-rocks in south facing cliffs in the 
southern MMVC; and b) narrow linear thermal anomalous zones along 
certain segments of boundary faults in the MMVC margin associated with 
hot-spring and water seep swarms (Figs 8-10). The second is more 
apparent in winter season.
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Fig. 10. Thermal infrared (TIR) images from different seasons and years show dis�nct characteris�cs and contain 
informa�on useful for geothermal anomaly interpreta�on. Spa�ally, thermal anomalies occur commonly in areas 
either containing hot springs and swarms of groundwater seep, or near newly exposed hot bedrock due to 
landslide or other surface geological processes. Thermal anomalies in the former case are easily observable in 
winter when the temperature contrast of warm water from seeps and hot springs and the surrounding area are 
largest, and spread out in a wider area. Near newly exposed hot bedrock, the thermal anomalous spots are 
persistent year around, and occur mostly in the southern MMVC. Major thermal anomaly o�en shows a sharp 
linear boundary with the primary anomaly trends striking NE-SW that are intersect with secondary NW and EW 
striking anomalies. 
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Corr. Coef. Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 10 Band 11

Band 1 1 0.9984 0.9889 0.9795 0.8824 -0.2072 -0.1199 -0.5302 -0.5347

Band 2 0.9984 1 0.9948 0.9882 0.9006 -0.1742 -0.0868 -0.4951 -0.4988

Band 3 0.9889 0.9948 1 0.9979 0.9277 -0.1111 -0.0244 -0.4333 -0.4361

Band 4 0.9795 0.9882 0.9979 1 0.9414 -0.058 0.0278 -0.388 -0.3902

Band 5 0.8824 0.9006 0.9277 0.9414 1 0.1593 0.1911 -0.1478 -0.1534

Band 6 -0.2072 -0.1742 -0.1111 -0.058 0.1593 1 0.9681 0.7636 0.769

Band 7 -0.1199 -0.0868 -0.0244 0.0278 0.1911 0.9681 1 0.6806 0.6919

Band 10 -0.5302 -0.4951 -0.4333 -0.388 -0.1478 0.7636 0.6806 1 0.9981

Band 11 -0.5347 -0.4988 -0.4361 -0.3902 -0.1534 0.769 0.6919 0.9981 1

Image 

type
Spectra
l band

Waveleng
th (μm)

Sensor Description
Resoluti
on (m)

Dataset A (Fall) Note

B1 0.43 - 0.45 OLI Visible 30

B2 0.450 - 0.51 OLI Visible 30

B3 0.53 - 0.59 OLI Visible 30

B4 0.64-0.67 OLI Red 30

B5 0.85-0.88 OLI Near Infrared (NIR) 30

B6 1.57 - 1.65 OLI Shortw ave Infrared 30

B7 2.11 - 2.29 OLI Shortw ave Infrared 30

B10 10.60-11.19 TIRS Thermal Infrared (TIRS) 1 100m

B11 11.50-12.51 TIRS Thermal Infrared (TIRS) 2 100m

B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20140125_20170307_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20140906_20170303_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20150112_20170302_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20170202_20170218_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20170829_20170914_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20170914_20170928_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20180715_20180730_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20180816_20180829_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20181019_20181031_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20181206_20181211_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20190123_20190205_01_T1
B4,5,6,10 varies OLI/TIRS Multi-spectral 30-100 LC08_L1TP_048025_20191225_20200110_01_T1

LC08_L1TP_048025_20181019_20181031_01_T1Level-1
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