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Introduction

Geothermal energy relies on heat sources and the permeability of fractured rocks for fluid
circulation to transport heat to the surface. Understanding fault structures and stress regimes is
crucial for resource assessment (Faulds and Hinz, 2015; Fraser et al., 2018) and can be
explored using passive seismic observations (Cheng et al., 2021). Geothermal energy is a
renewable energy source with less environmental impact than conventional fossil fuels. As the
world transitions from non—renewable sources of energy, the Yukon Government recognizes the
need to transition away from fossil fuels. To aid in identifying alternative sources of energy, the
Yukon Geological Survey (YGS) is seeking to characterize zones of increased geothermal
potential. Dispersed hot springs and a sparse pattern of volcanism during the Pleistocene and
Holocene reveals a limited distribution of elevated geothermal potential (Russell et al. 2023).

Further studies showed that the shallowest Curie point depths of 13-15 km in the area are
situated around the Eastern Denali fault near Burwash Landing (Li et al., 2017; Witter et al.,
2018). Furthermore, elevated values for the crustal geotherm were estimated to reach 45°C/km
(Witter, 2020). The Denali Fault around Burwash Landing was identified to possess three sub-
parallel strands, highlighting its complexity and suggesting a structurally favorable environment
comprised of permeable formations (Witter et al. 2018; Witter, 2020). Taken together, this
evidence suggests value in further evaluating the geothermal potential in southwest Yukon.

Detailed information about the orientation and subsurface structure of the Denali Fault are
limited near Burwash Landing (Witter et al., 2018; Witter, 2020). Additionally, constraints on
sediment thickness have also been lacking. This provides a necessary context for determining
depth to the top of the basement in the area and structural features in the near subsurface that
could promote the effectual migration of geothermal fluids. This is because of the relationship
between overburden thickness and geothermal resource potential. Sediments have lower
thermal conductivity compared to crystalline basement rocks; hence, they are able to trap heat
more effectively (Koteas et al., 2011; Balkan et al., 2017). Also, thick sediment layers act as an
insulating blanket, reducing heat loss to the surface and allowing subsurface temperatures to
remain higher (Koteas et al., 2011). Thick sediment cover especially one of low conductivity
could also be disadvantageous as it could cause dispersion of fluids within them, making it
daunting and challenging to locate their flow (Kammlein et al., 2019). Therefore, it is important
to determine the thickness of sediments overlying the basement rock as it further aids the
interpretation of other data types in geothermal assessment. This is achievable by determining
the fundamental resonance frequency (f;) from horizontal and vertical spectral ratio (HVSR)
measurements.
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Seismic data for this project were acquired between June and August, 2022 using 5 Hz
geophones across 34 stations (Figure 1). Horizontal-to-vertical spectral ratio (HVSR)
measurements of ambient seismic noise were used to estimate the fundamental resonance
frequencies of ambient noise, providing insights into the shallow velocity structure. The HVSR
measurements were further correlated with meteorological data to highlight the effects of
environmental factors on seismic measurements and highlight HVSR signatures that are due to
structural changes rather than effect of the environment. These results were thereafter
interpreted to relate to the thickness of the sediment beneath each station.
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Figure 1: Geologic map of the Burwash Landing area (YGS, 2022). Denali Fault is
shown as thick black lines. The study area is highlighted with yellow box in the map of
Yukon Territory.

HVSR Method

The widely used HVSR technique is a passive seismic monitoring approach that analyzes the
ratio of horizontal to vertical (H/V) components (Kéhler and Weidle, 2018; Berumen-Borrego et
al., 2024) of ambient seismic noise, primarily from Rayleigh waves. The HVSR technique has
recently become widely recognized for its applications in fault detection (Gosar, 2017; Khalili
and Mirzakurdeh, 2019; Yulianto and Yuliyanto, 2023) and for mapping depth of contact
between basement rocks and overlying sediments (Torrese et al., 2020; Mele et al., 2021;
Berumen-Borrego et al., 2024).

Calculating HVSR curves of three-component seismic data involves determining the ratio of the
spectra of the horizontal components to the vertical component. The primary signal in HVSR
analysis is a spectral peak marking the resonance frequency (f,) of a layer characterized by low
seismic velocities. Determining the resonance frequency is essential for estimating the
thickness of soft sedimentary layers (Kula et al., 2018), and it is sensitive to the shear wave
velocity of the layer.
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Data Processing

The fundamental frequency, f,;, and amplification factor,4,, for our study area were calculated
using seismic data from 34 seismic sensors with design frequency of 5 Hz. The instruments
recorded continuously in the summer of 2022. We processed data recorded by these
instruments using the open-source analysis software HVSRPY (Cox et al., 2020). By calculating
HVSR curves for each individual hour of recording; we can investigate temporal variations in the
signal and explore potential factors that may contribute to these changes. For each hour of
recording, the time series were divided into 100—second time windows. The 100-second window
length was chosen based on finding it to provide stable and reliable HVSR curves, particularly at
lower frequencies. Taken together; the series of separate HVSR curves for each hour of
recording produces a spectrogram that exhibits how the resonant frequency varies with time.
HVSR results were monitored across three months to investigate how conditions change from
the late spring to the summer in the Yukon. Our analyses focus on portions of the spectral time
series with little to no spurious changes in amplitude. This period of more stable recording
occurs during August 2022.

Results

The HVSR results across three months indicate variations in the amplitude and frequency of the
resonant peak. Temporal variability in the resonant peak can result from factors such as
changing environmental conditions (wind, precipitation, temperature etc.), and anthropogenic
sources that affect the shallow subsurface. Comparing changes in HVSR signals to
environmental conditions for Burwash Landing such as temperature, wind speed, and
precipitation, we find that changes in HVSR appear to mirror changing environmental
conditions.

As temperatures warm from the spring to summer in the Yukon, and the active layer within the
uppermost shallow crust thaws, the trend in the resonant peaks in the HVSR curves to lower
frequencies may result from these changing seasonal conditions (Figure 2). This gradual
change in the resonant frequency may result from the seismic velocities of the shallow crust
decreasing as the active layer melts and more water is present in the upper 5 m of the shallow
crust (e.g., Kéhler and Weidle, 2019; Cheng et al., 2022).

The HVSR curves calculated for the data recorded in August may be less affected by changing
conditions in the active upper crust as they exhibit clear spectral peaks, and therefore, chosen
and isolated for interpretation in this study. For the sensors recording near Burwash Landing,
we find that their HYSR curves exhibit peaks within one of three distinct frequency ranges (0.3—
4 Hz; 5-10 Hz and 11-20 Hz) (Figure 3).

The frequency of the spectral peaks relates to the thickness of sediments and depth to the
basement in the location of the station. The pattern for the distribution of peak frequencies
observed here adds to the trends observed by Berumen-Borrego et al., (2024), who investigated
the area with a sparse array of broadband sensors and found HVSR curves with peaks at three
distinct frequencies. In their work, Berumen-Borrego et al. (2024) observed HVSR curves with
peaks as low as 0.3 Hz to the north of the Denali Fault that they modeled with a thick low
velocity layer in which velocities increase following a power-law pattern to a depth of 300 m.

GeoConvention 2025



geoconvention

Calgary - Canada - May 12-14 25

v

STATION 5 SPECTROGRAM

e Temperatu’@‘ (*C) A Wind Speed (km/h)
Mo\ AR I

20.0

17.5 A

N W
T 15.09 P W \y

\ ™
= 1259 M, / M
@ 10.0 4y | 1 ! W

7.5 1

N w
L L

Precipitation (mm)
-

L Ll ll bl

o

1 (e -
10 TIVE oy  per | R

FREQUENCY (Hz)

10°

Figure 2: HVSR spectrogram for station 5. Dotted line follows the peak in the HVSR curves that
vary from frequencies close to 10 Hz in June to ~8 Hz in August.

Berumen-Borrego et al. (2024) interpreted the base of the low velocity layer to indicate the
boundary between thick sedimentary cover atop basement rock. To the south of the Denali
Fault, they modeled HVSR curves with peak frequencies greater than 10 Hz with a layer
extending to only 50 m indicating thin sedimentary cover. Closer to the Denali Fault, they fit
HVSR curves with a peak between 7 and 8 Hz using a model comprised of a thinner low
velocity layer extending to 170 m that marked the boundary between thick and thin sediment
cover.
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Figure 3: Map of the resonant frequency across the stations in the study area. HVSR curves for
the month of August for some stations are also shown. Green dots represent sampling points of
HVSR measurements while pink dots represent HVSR displayed results in this study.

Figure 3 shows HVSR curves with two distinct signatures separated by the Denali fault. Curves
with a peak in the low frequency range between 0.3—4 Hz are observed to the north of the
Denali fault, indicating a thick sediment unit overlying the basement. High frequency range
between 10-20 Hz is observed to the south of the Denali fault, indicating thin sediment unit
overlying the basement. Also, intermediate frequency range between 4-10 Hz is observed at
the boundary of the Denali fault, indicating the transition zone between thin sediment layer and
thick sediment layer. This observation was compared with Bouguer Anomaly from gravity
observation detailed in Witter (2020) for the study area (Figure 4). Low Bouguer anomaly
indicating the presence of lithologic unit with low density or deep-seated basement rocks
correlates with low frequency range to the north of the Denali fault. In the same vein, high
Bouguer anomaly indicating the presence of high-density lithologic unit or basement rocks with
shallow depth to the top also correlate well with high frequency range in the south of the Denali
fault. Stations 30 and 31 were omitted from further interpretation because the HVSR results
cannot be relied on. The HVSR curves for these stations show spurious low frequency peaks
that can be attributed to localized sources of noise.
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Daily variability in amplitude of HVSR spectra are observed, with pronounced changes
coinciding with periods of high precipitation and high wind speed. Accordingly, we focus our
analysis on periods of low precipitation and low wind speed. These regions show subtle
structures in the near surface highlighted by high frequency peaks as observed in stations 3, 5,
6, 7, 12, 14, 19 (highlighted in yellow in Figure 4). This correlate with ground observations from
2D resistivity model from electromagnetic measurement (Innovate Geothermal, 2020),
highlighting the presence of subsurface structure interpreted as faults that could serve as
pathways for the upwelling of geothermal heat and fluid to the surface (Figure 4). The
correlation of these observations also showed that thick layer of Quaternary sediment overly the
Kluane Schist. The result of this study highlights the application of seismic ambient noise in
subsurface mapping in relation to mapping the depth to bedrock in an area of geothermal
exploration by analyzing HVSR. Future endeavors will be focused on modelling HVSR
observations to identify geologic structures present in this area by carrying out joint inversion of
HVSVR results, magnetic and gravity data.
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Figure 4: Map of the resonant frequency across the stations in the study area with overlay of
the Bouguer anomaly map from Innovate Geothermal (2020). Green dots represent sampling
points of HYSR measurements while pink dots represent HVSR displayed results in this study.
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