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Abstract

We studied earthquakes near Burwash Landing, Yukon. Using data from temporary and permanent
seismic stations, we enhanced the understanding of both regional and local earthquakes. The study
used deep learning and template matching to effectively detect earthquakes, even from noisy data.
Following detection, seismic parameters, earthquake location, and magnitude were estimated and
refined. The analysis revealed 103 local earthquakes, with 28 located in an area of geothermal
resource potential. Notable small-magnitude earthquakes were observed near Bock’s Creek fault.
No earthquakes were observed on the Denali fault during the study period. The existence of active
faults strike-parallel to the Denali fault suggests that local permeable structures may exist in the
area. Regional observations detected 46 432 regional earthquakes in 13 years, but none along a

section of the Denali fault near Burwash Landing, Yukon, which we interpret as a seismic gap.

Introduction

Southwestern  Yukon exhibits complex active
tectonism and significant earthquake activity due to
plate boundary interactions between the Pacific and
North American plates (Fig. 1). Major plate boundary
structures in the region include the Queen Charlotte—
Fairweather fault system, which has a primarily right-
lateral strike-slip motion resulting from the oblique
convergence of the Pacific Plate with the North
American Plate and the Yakutat microplate (Leonard et
al., 2007). The convergence is partitioned between the
Aleutian Trench subduction zone, and a series of right-
lateral, crustal strike-slip faults that includes the Denali
fault zone (DFZ). Together, these features exemplify the
diverse tectonic regime.
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The Denali fault is a crustal-scale, dextral, strike-slip
fault resulting from terrane accretion. It extends more
than 2000 km from British Columbia through Yukon
and central Alaska to the Bering Sea. The Denali fault
has experienced right-lateral displacement of 400-
480 km (Lowey, 1998; Waldien et al., 2021). Grantz
(1966) partitions the Denali fault into three parts: the
western segment in west-central Alaska, the central
(McKinley) segment in eastern Alaska, and the eastern
segment in southwestern Yukon. During the Holocene,
fault activity was predominantly concentrated on the
central McKinley segment, with additional activity on
the southern Totschunda fault (Lanphere, 1978). The
Denali fault has been a focus of recent seismic studies
following the 2002 magnitude 7.9 Denali earthquake,
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Figure 1. Regional distribution of earthquakes recorded between 2010 and 2023 near the study area (red rectangle)
based on network data. The colour scale indicates event depths and highlights the predominantly shallow deformation
along the Denali fault zone (DFZ). The dashed line labelled L1 represents the newly discovered linear seismic trend
from this study; L2 is a lineament confirmed in previous studies (Biegel et al., 2023; Gosselin et al., 2023). Areas of

particular interest are highlighted by dashed ellipses.

which highlighted the current seismic potential and
complex rupture behaviour of past large events
(Eberhart-Phillips et al., 2003).

Knowledge of the regional patterns of seismicity in
southwestern Yukon was previously limited by sparse
seismic network coverage, which has improved in
recent years. The enhanced monitoring capabilities have
facilitated a new understanding of regional seismicity
and crustal stress regimes. Advances in seismic station
deployment have expanded detection capabilities
and improved precision in earthquake location and
characterization, providing insight into the tectonic
processes that shape the region (Meighan et al., 2013;
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Ruppert and West, 2020; Biegel et al., 2023; Gosselin
et al.,, 2023).

Regional seismicity isinfluenced by several fault systems
including the Chugach-St. Elias, Fairweather, Denali
and Teslin faults. These faults contribute to a complex
pattern of seismicity, with events predominantly
featuring reverse and dextral strike-slip mechanisms
(L2 in Fig. 1; Gosselin et al., 2023). Notably, seismicity
near the Duke River fault (DRF) zone exhibits mostly
reverse faulting within a predominantly transpressive
regional context, underscoring the diverse nature of
fault behaviour in the area (Doser, 2014). In the St.
Elias region, a combination of thrust and strike-slip fault
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characteristics underscore the area (Plafker et al., 1978;
Fletcher and Freymueller, 2003; Elliott et al., 2010). The
St. Elias Mountains, a wide mountain range formed from
multiple accreted terranes, are a testament to ongoing
subduction processes, marking a zone of significant
crustal seismicity between the Fairweather and Denali
faults.

Recent research has focused on understanding the
broader implications of these tectonic interactions. For
instance, the behaviour of the Denali fault system is
indicative of not just local, but also regional geodynamic
processes. Specifically, the eastern segment of the
Denali fault was hypothesized to serve as a regional
stress boundary that influences seismic activity and
deformation patterns of the adjacent areas (Choi et
al.,, 2021). This perspective is critical for assessing the
seismic hazard of the region and for understanding the
broader tectonic framework of southwestern Yukon.
The tectonic history and current dynamics of the Denali
fault system offer insights into the potential for natural
resource development in the region.

Southwestern Yukonis of particular interest for potential
geothermal resource development (Majorowicz and
Grasby, 2014); however, understanding the dynamic
geological processes that characterize the resources
and natural hazards is important for exploration and
development. Regionally, the estimation of shallow
Curie point depths (Li et al., 2017; Witter et al., 2018),
shallow seismogenic crustal thickness (Biegel et al.,
2023), and the mapping of radiogenic rocks and warm
water springs, suggest significant geothermal potential
in the region (Colpron, 2019). Locally, near Burwash
Landing, shallow conductors were recently inferred
from magnetotelluric data, which may be evidence
for crustal fluid circulation in the vicinity of the Denali
fault (Tschirhart et al., 2022). In this study, we present
preliminary investigations of seismic patterns regionally
(throughout southwestern Yukon) and locally near the
eastern Denalifault (in the vicinity of Burwash Landing).
The goal of this research is to improve knowledge of
past and current regional tectonics, fault structure, and
local behaviour near Burwash Landing, for the purpose
of characterizing geothermal resource potential.

This paper presents preliminary results from a deep-
learning—based earthquake detection algorithm

(Mousavi et al., 2020) and a template-matching method
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(Chamberlain et al., 2018) used to detect earthquakes
below the noise thresholds of conventional analysis
techniques. Regionally, we present the distribution of
46 432 earthquakes between 2010 and 2023, many of
which are additions to the existing regional catalogue.
Locally, we analyzed data from recent temporary
seismic instrument deployments near Burwash
Landing to identify 103 earthquakes. Specifically, we
present 28 new earthquake locations, with associated
magnitude estimates, near the Denali fault (DF). These
newly identified events were detected from 8 weeks
of recordings on a high-density linear nodal geophone
array operated by the University of Calgary between
June and August 2022. Notably, these events were
detected over this short period in an area where
earthquakes had not previously been observed in the
decades-long record of regional seismic networks.
Using magnitude-frequency analysis and waveform
similarity clustering, we estimated source parameters
of the earthquakes to characterize seismic events in the
area. We also compared the local results to the long-
term regional distribution of earthquakes from similar
analyses of data from permanent stations in the region.

Our results show that the eastern Denali fault is
seismically quiescent near Burwash Landing. However,
other portions of the Denali fault exhibit significant
seismicity. We interpreted these observations as
the presence of a seismic gap on the eastern Denali
fault with potential for future earthquakes. Active
deformation on strike-parallel faults is evidence of
permeable structures that may enable warm fluid
mobility in the subsurface and improve prospects for
geothermal potential. In combination with geophysical
knowledge from recent studies, the improved
understanding of seismicity from this work highlights
geological complexity at regional and local scales. This
further underscores the significance of the region for
geothermal resource potential and the need for natural
hazard assessments.

Method and data
Deep-learning-based earthquake
detection and phase picker

We used EQTransformer (EQT), a deep-learning model
for detecting earthquakes and identifying their seismic
phases from continuous waveform data (Mousavi
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et al,, 2020). This model combines a long short-term
memory (LSTM) network with a deep convolutional
neural network (CNN) architecture comprising 56
layers. The LSTM is useful in handling sequential data
(specifically processing longer sequences). The deep
CNN architecture in EQT uses convolutional layers
coupled with max pooling, a common approach in
deep-learning models to reduce the spatial dimensions
of data while retaining important features. To address
the potential degradation issues associated with
deep CNNs, especially when strong downsampling
is involved, EQT uses residual connections within the
CNN. These connections help preserve information
throughout the network, ensuring the integrity of the
input data from beginning to end.

EQTransformer incorporates an attention mechanism,
a feature that enhances the model’s ability to extract
core features by focusing on local aspects (e.g.,
individual seismic phases) and the overall context
(e.g., an entire wave packet containing body and
surface waves). This mechanism plays a crucial role in
estimating probabilities in three key areas of the model:
earthquake full waveform, P-wave phase and S-wave
phase detection. The output from each of these areas
is processed through a sigmoid layer, which produces
a probability distribution on [0,1]. These probabilities
are used as threshold values to classify input signals as
earthquakes. For practical application, specific threshold
values used in a previous study (Mousavi et al., 2020)
were set for the detection of P-waves, S-waves and
earthquakes at 0.3, 0.1 and 0.1, respectively.

The original model was trained on the STanford
EArthquake Dataset (STEAD), which consists of
approximately 1 000 000 records of local earthquakes
and 300 000 noise signals (Mousavi et al.,, 2019).
Generally, instead of starting learning from scratch,
retraining based on an existing model can vyield a
training model optimized for the research area. In
this study, we also conducted transfer learning using
earthquake origin information and phase-picking data
from Biegel et al. (2023), which led to the development
of a model that is finely tuned for our research area
near Burwash Landing. The model's comprehensive
structure, with 372 000 parameters across its 56-layer
network, highlights its complexity and capability in
earthquake detection and phase identification.
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Template-matching-based earthquake
detection

In recent research, initial earthquake catalogues have
been constructed through a deep learning—based
approach, followed by detecting additional earthquakes
based on the similarity of event waveforms (i.e.,
template-matching techniques; Chamberlain et al.,
2018). The template-matching technique uses an
event waveform as a template to search for similar
waveforms in continuous data. This technique is
effective for detecting earthquakes using continuous
seismic data and a template waveform. It relies on the
similarity of waveforms from different events recorded
on the same seismograph, provided these events
originate from nearby locations, have similar rupture
mechanisms and share similar paths from their sources
to the receivers. The advantage of template matching
is its ability to detect earthquakes in noisy data, where
traditional methods fail.

A significant drawback of the template-matching
technique is computational cost, exacerbated by the
increasing number of templates and the volume of
continuous data that must be analyzed. Recent technical
advancements, particularly in the use of graphics
processing units (GPUs), have been instrumental in
mitigating this issue, as pointed out by Beaucé et al.
(2017). The use of GPUs enhanced the efficiency of the
template-matching technique, enabling the detection of
up to 20 times more events than traditional processing
technologies while significantly reducing computation
time. This is a considerable improvement in earthquake
detection capability, particularly in identifying small-
scale events that were previously undetectable with
older methods. In this study, we used the match and
locate method (Liu et al., 2020) to calculate waveform
similarity within a GPU setting.

Estimation of earthquake source
parameters

After detecting earthquakes, the initial locations are
determined using HYPOELLIPSE (Lahr, 1999), a
software program designed for earthquake location
using 1D seismic velocity model. Central to this
method is the calculation of seismic wave traveltimes,
which depends on a 1D seismic velocity model. The
program calculates earthquake locations by iteratively
refining the estimated hypocentre location and origin
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time using the arrival times of P-waves and S-waves
recorded at multiple stations. HYPOELLIPSE uses
least squares inversion to minimize the difference
between observed and calculated arrival times, thereby
optimizing the hypocentre estimate. In this study, we
used a 1D velocity model presented in Fogleman et al.
(1993). Following initial location, we relocated events
with the double-difference method (Waldhauser and
Ellsworth, 2000), which improves the accuracy of
hypocentres for earthquakes that occur in proximity to
each other. It compares differences in traveltimes and
waveform similarities between pairs of earthquakes
recorded by the same seismic station. By focusing
on these relative time differences instead of absolute
traveltimes, the method effectively minimizes the
effects of heterogeneous velocity structures in the
Earth’'s crust. Using the waveform similarities, the
method groups the earthquakes based on cross-
correlation coefficients (CC) between event pairs and
uses this information during the iterations for locating
hypocentres. This leads to more precise hypocentre
locations, especially in regions with complex geological
structures. Finally, we converted all waveforms to
Wood-Anderson amplitudes (Uhrhammer and Collins,
1990), and estimated local magnitudes based on the
equation suggested by Fogleman et al. (1993).

Data

We analyzed data from 34 temporary seismic stations
(nodal geophones) that form two linear arrays crossing
the Denali fault near Burwash Landing (Fig. 2) on
transects that follow Burwash Creek and the Duke
River. The stations operated from June 14 to August
22, 2022. The geophones have a natural frequency of
5 Hz, making them ideal for detecting local earthquakes
of small magnitude. To investigate earthquakes at
the regional scale, we used data from permanent
International Federation of Digital Seismograph
Network  (FDSN) stations, accessed through
Incorporated Research Institutions for Seismology (IRIS;
see data and resources section). Regional earthquake
data processing followed the same steps using the
framework suggested by Han et al. (2023). All data
were bandpass filtered to a range of 1-45 Hz. For the
template matching and waveform similarity clustering
analyses, which targeted the S-wave phase, a narrower
bandpass filter range of 2-15 Hz was applied.
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Results and discussion

Local seismicity near Burwash Landing

We studied an area near Burwash Landing, Yukon
(Fig. 2). Notably, this is an area that has shown few
earthquakes in the past 15 years, despite significant
improvements in instrumentation coverage (Fig. 2).
The earthquakes presented here were identified by
applying the deep-learning model to geophone data,
followed by detection of micro-earthquakes using
template matching. All earthquakes detected by the
deep-learning picker were used as template waveforms
and applied as continuous waveforms to estimate CC.
Following each earthquake detection, initial locations
were determined using HYPOELLIPSE (Lahr, 1999),
and then redetermined using HypoDD (Waldhauser and
Ellsworth, 2000) using the estimated CCs. This process
identified 103 earthquakes, ranging in magnitude from
0.6 to 3.1. We located 75 earthquakes within the study
area (Fig. 3). Using magnitude-frequency analysis, the
magnitude of completeness of the presented catalogue
was determined to be 1.1, and the b-value was found
to be 0.94 (Fig. 4), which is similar to global averages.

Although the short observation period limits the
interpretation of earthquake trends from these data
alone, we identified three spatially distinct groups
(Fig. 3). Group 2 (Fig. 5) occurred near Burwash
Landing and includes earthquakes close to, but not on,
the Denali fault. These events are not reported by the
United States Geological Survey (USGS) catalogue (see
data and resources section for more details). Group
2a includes earthquakes related to the DRF. Group 2b
includes events we interpreted to be on Bock’s Creek
fault (BCF), and on faults that appear to accommodate
deformation connecting BCF to other faults previously
inferred from digital elevation models (Witter, 2020)
and lidar surveys (Finley et al., 2022). In the Group 2a
area, fault plane solutions from catalogued earthquakes
outside deployment time for our data have northwest
strikes (Doser, 2014; Gosselin et al., 2023) and reverse
fault motion; however, the DRF is a southwest-dipping
thrust fault, and the observed earthquakes appear
on the footwall, suggesting that they may occur in an
unmapped fault developing between the DRF and DF,
similar to the BCF.
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Figure 2. Distribution of geophone array stations (white triangles) and earthquakes reported by the United States
Geological Survey between 2010 and 2023 within the study area. Note the absence of earthquakes along the Denali
fault (DF). A small number of earthquakes were observed near Bock’s Creek fault (BCF). M,: Richter local magnitude
of earthquakes observed. The drill site marks the location of an approximately 200 m deep exploratory well installed
by the Yukon Geological Survey. The focal mechanisms for earthquakes contained in the USGS catalogue are also

shown.
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Figure 3. Earthquakes (stars) detected in the study area as part of this study. Colours of stars indicate earthquake
depths. Seismicity clusters in three groups are highlighted by ellipses. The dashed rectangle outlines the area
presented in further detail in Figure 5.
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Figure 4. Gutenberg-Richter analysis of the local earthquake catalogue showing a power-law distribution of
earthquake frequency with magnitude (M,) that is typical of global active tectonic settings. The magnitude of

completeness (M) value is also shown.

To cluster these earthquakes, an event dendrogram
was determined by analyzing waveform similarity
using station 32 from the temporal seismic array,
which provided the most phase information among
the detected results (Fig. 6). The earthquake clusters
were divided into eight groups (C1-C8). Waveform-
similarity—based analysis identified earthquake clusters
C3 and C4, which are related to Group 2b (Fig. 7).
Cluster C4 is distributed closer to the geophone
array compared to C3, with differing waveform
characteristics (Fig. 7). The C3 events are located to
the southwest of the seismic network, suggesting a
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possible origin from a minor fault between strands of
BCF (Fig. 7). The two events of C3 may be located on
the same portion of BCF or, alternatively, come from an
unmapped fault connecting these fault strands (Fig. 7).
This possible unmapped fault may be related to those
previously identified by the inversion of three passive
electromagnetic datasets (Tschirhart et al, 2022).
Although the precision of our interpretations is limited
by the scarcity of data and the aperture of the seismic
network, this study confirms active deformation, with
earthquakes occurring on smaller fault structures in the
area. The absence of microearthquakes on the Denali

Yukon Exploration and Geology 2023
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Figure 5. Detailed view of earthquakes near Burwash Landing, Yukon. Group 2a occurs on the footwall of the Duke
River fault (DRF), and may have originated from an unmapped fault between the DRF and the Denali fault (DF). Group
2b is of particular interest because it includes 13 earthquakes consistent with recently mapped faults, the Bock’s
Creek fault (BCF) and other related fault structures (Witter, 2020; Finley et al., 2022).
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Figure 6. Analysis of waveform similarity for the earthquake events shown in Figure 5: a) dendrogram of earthquakes
based on waveform similarity; b) cross-correlation coefficient matrix between event pairs; c) individual (grey lines)
and stacked (coloured lines) waveforms of clustered earthquakes.

fault is peculiar and provides evidence of a seismic
gap, considering that regional networks have also not
detected earthquakes in this location.

Regional seismicity

We also present an extended catalogue of more than
40 000 earthquakes at the regional scale, based on
continuous seismic data of permanent stations, that
significantly extends the USGS catalogue (see data
and resources section for more details). Detection and
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phase picking were conducted in the same manner
as previously discussed (Han et al., 2023). Phase
association was calculated using a Bayesian-Gaussian
mixture model (Zhu et al., 2022). The results show
46 432 regional earthquakes between 2010 and 2023
(Fig. 1). A detailed interpretation of this catalogue
is not the focus of this report. Broadly speaking,
the distribution of these earthquakes supports the
interpretation proposed by Biegel et al. (2023) and
identifies linear structures not previously reported.
Most important to this study is the observed lack of

Yukon Exploration and Geology 2023



Han et al. - Seismicity near the eastern Denali fault from seismic recordings

61.35°N

61.25°N

10 km

61.15°N

139.48°W 139.38°W 139.28°W 139.18°W

clustered events (20)

geophones
permanent stations
major fault lines

minor fault lines

139.08°W 138.98°W

Figure 7 Map of clustered events in Figure 6. The events in each cluster (C1-C8) exhibit highly similar waveforms
suggesting that these earthquakes occur on the same structures.

seismicity in the vicinity of the DFZ in a 50-100 km
long fault section near Burwash Landing, which may
present a seismic gap with increased potential for
future earthquakes.

A second observation of interest is located farther
northwest (Fig. 1). Here, a distinct linear trend parallel
to the Denali fault is observed that was not previously
reported (L1 in Fig. 1). The newly interpreted parallel
fault segment southwest of the main Denali fault
appears to connect to the DRF zone as discussed in
Gosselin et al. (2023).

Yukon Exploration and Geology 2023

Conclusion

This paper presents a detailed seismic analysis of
southwestern Yukon, highlighting the seismicity
near Burwash Landing. Using a combination of data
collected from temporary seismic stations operated
during summer 2022 and long-term data from
permanent stations, we offer new insights into the
seismicity of this geologically complex region. Key
findings include the identification of 46 432 regional
earthquakes from a decade-long period and 103 local
earthquakes from a three-month period. The study
effectively used advanced seismic detection techniques
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such as deep-learning—based earthquake detection
and template matching to enhance earthquake
catalogue completeness and accuracy. The application
of HYPOELLIPSE and HypoDD provided refined
hypocentre locations and magnitude estimations,
contributing to a more comprehensive understanding of
the seismic behaviour in the area. Regionally, we have
identified new linear seismic structures and added to the
existing knowledge of the tectonic framework through
this study. While the study had limitations, such as
the short observation period and small aperture of the
temporary array, the research significantly advances
our understanding of the seismicity and tectonic
processes near the eastern Denali fault and Burwash
Landing area. Specifically, we observed no seismicity
associated with the eastern Denali fault, which we
interpreted as a seismic gap. Additionally, we observed
that active deformation occurs on strike-parallel fault
structures which may increase rock permeability. These
observations highlight the significance of the region in
terms of both geothermal resource potential and the
need for natural hazard assessments.

Data and resources

Seismograms from permanent stations used in this
study were collected from the Incorporated Research
Institutions for Seismology Data Management Centre
(IRIS,2023). The earthquake catalogue usedis published
by the United States Geological Survey (USGS, 2023).
All maps were obtained from ArcGIS REST API services
(ArcGIS, 2023). The local and regional earthquake
catalogues, including local magnitudes for the local
catalogue, are available as a data supplement to this
paper in comma-separated values format.
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