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Abstract

The Richardson Mountains (RM) of northwestern Canada form a tectonically active boundary
between the northern Canadian Cordillera and stable North American craton. Although host
to abundant seismicity, the RM modern geometry and kinematics remain poorly resolved. To
better delineate active structures, we apply double-difference (DD) earthquake relocation
to all seismicity in the Canadian National Earthquake Database (NEDB) between 2015 and
2021 (775 events). We jointly invert catalogue P and S-wave picks and waveform cross-
correlation measurements with the scrtdd implementation of HypoDD.

The resulting 594-event catalogue reveals two zones. Along the eastern front of the central
RM, DD relocations collapse into a sharply defined west-dipping plane extending from
the surface to 35 km. Its approximate 75° dip and surface intersection with the Knorr fault
suggest that contemporary deformation is reactivating a Paleozoic normal fault. In contrast,
seismicity remains broadly distributed across the White Mountains and Barn uplifts,
reflecting deformation partitioned among several interacting inherited structures within a
complex deformation zone. A reduction in seismicity between these regions (in both original
and relocated catalogues) may indicate structural segmentation or a locked segment with
implications for seismic hazard.

These results demonstrate the effectiveness of DD relocation for resolving active
tectonic structures in remote northern regions and provide a refined framework for future
investigations. Continued incorporation of new data from the Western Arctic Regional
Network of Seismographs (WARNS) will support improved assessments of crustal
deformation and seismic hazard in Canada’s North.
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Plain language summary

The Richardson Mountains in northwestern Canada are situated at the junction between two very
different parts of the continent: an active mountain belt to the west and a much older, stable region
to the east. This area experiences many small earthquakes and has also produced large ones in
the past, but the exact locations and behaviours of the faults that cause these earthquakes are not
well understood. To improve this picture, we re-examined recent earthquakes recorded between
2015 and 2021 using methods that more precisely determine where each earthquake occurred.
Out of hundreds of events, we were able to sharpen the locations of nearly 600 earthquakes.
These improved locations reveal two main zones of activity. In the central Richardson Mountains,
many earthquakes line up on a single, steeply sloping surface that reaches down to 35 km. This
surface lines up with an ancient fault that originally formed hundreds of millions of years ago,
suggesting that old structures in the region are being reactivated today. Farther north, earthquakes
are more spread out. This pattern suggests that the deformation is spread over several older fault
systems rather than along one main fault. Overall, this study provides a clearer picture of how the
Richardson Mountains continue to deform and sets the stage for better understanding earthquake

hazards in northern Canada.

Introduction

The Richardson Mountains (RM) represent a significant
structural domain within the northern Canadian
Cordillera (NCC), forming a narrow, north-trending
range that marks the eastern limit of Cordilleran
deformation in northern Yukon and the Northwest
Territories (Hyndman et al.,, 2005b; Pinet, 2021),
where they are juxtaposed to the stable North
American craton. The formation and subsequent
tectonic evolution of the RM are intrinsically linked to
the development of the Beaufort Sea and the Canada
Basin, reflecting a long history that began with
continental rifting and culminated in complex Cenozoic
strain transfer stemming from interactions along the
Pacific margin (Mazzotti and Hyndman, 2002; Esteve
etal., 2022). Today, the RM region is tectonically active
and hosts abundant earthquake activity. This seismicity
not only presents valuable information that can
enable a new understanding of the geological history
and potential of the region, but also clearly identifies
natural hazards to Canada’s northern communities and
development. In this work, we re-examine the modern
earthquake catalogue across the RM region with the
aim of precisely identifying reactivated structures. This
is achieved using the double-difference (DD) relocation
technique.

Tectonic Setting

The geological roots of the RM originate in the
Richardson Trough (RT), a key paleogeographic feature
that formed on the ancestral northwestern margin
of Laurentia (Cecile et al.,, 1997; Eyster et al., 2017;
Strauss et al,, 2020). The RT is widely recognized as a
rift basin on the southern margin of an ancestral lapetus
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Ocean (Lane, 2007; Cecile et al., 2022), and specifically
as a failed arm (aulacogen) of a triple rift system that
developed during the early Paleozoic (Jeletsky, 1962;
Cecile et al,, 1997).

This trough separated the Yukon block (a basement
high with relatively stable cratonic area to the west)
from the Mackenzie/Peel Platform to the east (Morrow,
1999 ; Strauss et al,, 2020). The RT experienced two
major rift cycles that spanned the late Early Cambrian
to early Middle Devonian (Cecile et al.,, 2022). For
relevant geological maps and diagrams, see Figure 1
of Strauss et al. (2020) and Figures 1 and 2 of Cecile
et al. (2022). The first cycle involved rifting from late-
Early to middle-Late Cambrian, followed by post-rift
subsidence lasting until the late Early Ordovician; the
second cycle involved rifting from late Early Ordovician
to Early Silurian, followed by post-rift subsidence
lasting until the early Middle Devonian (Cecile et al,,
2022). The trough accumulated a thick succession of
deep-water sedimentary rocks, up to 3 km thick in
the centre of the basin compared to 1 km on adjoining
platforms (Cecile et al., 2022), known as the Road River
Group, which ranges in age from the Late Cambrian to
the early Middle Devonian (Strauss et al., 2020). This
deep-water depositional setting, characterized by fine-
grained carbonate and siliciclastic strata, has been
compared in size and geometry to segments of the
modern East African rift system, such as the Kenya Rift
(Cecile et al., 1997; Cecile et al., 2022).

The modern Richardson Mountains correspond to
the Richardson anticlinorium, a broad, gently north-
plunging structure that resulted from the structural
inversion of the RT (Pinet, 2021; Cecile et al., 2022).
This inversion primarily occurred during the Late
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Cretaceous to early Tertiary Laramide orogeny (Norris,
1985; Lane, 1996; Pinet, 2021), driven by east-directed
compression associated with Cordilleran tectonics
(Lane, 1996, 1998).

In Figure 1, we illustrate the modern configuration of
the Yukon and westernmost Northwest Territories,
including seismicity (yellow circles), major faults
(dotted lines), defined faults (light grey lines) and
the dominant terrane assemblages of Nelson et al.
(2013). The RM are cut by the Richardson fault system
(RFS), a major system of north-trending, curviplanar,
near-vertical faults (Norris, 1985; Pinet, 2021). This
array extends for nearly 600 km, originating in the
Mackenzie Mountains and projecting north toward
the Beaufort Sea (Gabrielse, 1991; Norris, 1997). The
RFS accommodated early Paleozoic dextral strike-slip
movement (Norris, 1985), but the subsequent Tertiary
inversion involved primarily dip-slip reactivation and
shortening (Norris, 1985; Lane, 1996).

The RM and their fault systems are critical elements
in the regional tectonic framework that includes the
Beaufort Sea and the origin of the Amerasia Basin
(Canada Basin). Mesozoic rifting in Arctic North America
led to the formation of the Canada Basin during the
Jurassic—Cretaceous (Shephard et al., 2013; Faehnrich
et al,, 2025). Tectonic models for this opening involve
counterclockwise rotation or translation of the Arctic
Alaska terrane (Lane, 1997; Faehnrich et al., 2025).

Northward, the RFS is inferred to connect with fault
systems defining the continental margin, potentially
linking to the Husky Lakes fault system (HLFS;
previously Eskimo Lakes fault zone) via the Bug Creek
and Donna River faults (Lane, 1998; Pinet, 2021). The
HLFS originated as a listric normal fault during the
Late Jurassic—Early Cretaceous rifting (Stephenson
et al., 1994; Lane, 1998). Later, tertiary contractional
deformation inverted these extensional structures,
contributing to the formation of the Beaufort foldbelt
(Lane and Dietrich, 1995). Seismic data show that the
Tertiary deformation front on the eastern side of the
Richardson anticlinorium consists of a series of thrust
faults, folds, and back thrusts, concentrated where
Paleozoic platform carbonates transition into basinal
shale (Rohr et al,, 2011).

The Late Cretaceous—Tertiary deformation thatinverted
the RT was closely related to the subsequent formation
of the Beaufort Sea fold and thrust belt (BSFTB), which
extends offshore into the Beaufort-Mackenzie Basin
(Lane, 2002 ; Estéve et al., 2022), as indicated offshore
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in Figure 1. This fold belt resulted from east-west
shortening caused by the collision of Arctic Alaska
against the rigid North American craton (Estéve et al.,
2022). The RM, located at the edge of the craton, acted
as a buttress that focused the escape and northward
deformation of supra-crustal rocks into the Beaufort
Sea (Lane, 1998; Estéve et al.,, 2022).

The Porcupine fault system (PFS), located west of the
RM, is a major northeast-striking fault zone that forms
the southeastern boundary of the Arctic Alaska terrane
(Colpron et al,, 2019; Faehnrich et al., 2025). The PFS
has recorded polyphase brittle-ductile deformation,
including evidence of older sinistral displacement and
younger dextral brittle movement (von Gosen et al,,
2019). New geochronological data constrain Mesozoic
deformation within the PFS to about 121 Ma (U-Pb
dating of calcite veins), supporting translational or
hybrid models for the opening of the Canada Basin
that involved significant strike-slip motion of the Arctic
Alaska terrane (McClelland et al., 2021; Faehnrich et al,,
2025). The complex, contrasting kinematics observed
in the RFS and PFS underscore the distributed nature
of strain partitioning necessary to accommodate the
convergence and rotations of crustal blocks within the
northwestern Cordillera.

Seismicity

The RM region is one of the most seismically active
zones along the eastern Cordillera mountain front in
northwest Canada (Cassidy et al,, 2005; Hyndman
et al.,, 2005a; Hyndman et al., 2005b). This activity is
proposed to be the result of far-field strain transfer
originating from the oblique collision of the Yakutat
terrane in the Gulf of Alaska, pushing the northern
Cordilleran block northeastward (Mazzotti and
Hyndman, 2002; Hyndman et al., 2005; Leonard et
al., 2007). This rigid displacement of the upper crust,
estimated at approximately 5 + 4 mm/year relative to
the stable North American craton, is accommodated
in the RM primarily by strike-slip motion (Mazzotti
and Hyndman, 2002; Leonard et al.,, 2007; Mazzotti
et al.,, 2008; Rohr et al,, 2011). An alternative driving
mechanism for enigmatic Cenozoic deformation along
the eastern margin of the NCC is rooted far from
the active Pacific margin. Enkelmann et al. (2019)
hypothesize that Early Oligocene deformation (~40-
30 Ma) recorded through renewed exhumation in the
RM is potentially related to stresses originating from
the eastern boundary of the North American plate,
located approximately 4000 km away. Specifically, this
model links episodes of deformation and exhumation
in the NCC to changes in the absolute plate motion of
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Figure 1. Map of the Yukon and the westernmost region of the Northwest Territories. Terranes are taken from
Nelson et al. (2013), and major faults are dashed lines and light grey lines denoting ‘defined’ faults extracted
from the databases of the Yukon and Northwest Territories geological surveys (Yukon Geological Survey, 2016;
Northwest Territories Geological Survey, 2018). Yellow circles denote the locations of earthquakes with M=3.0.
The red square denotes the Richardson Mountains study region illustrated in subsequent Figures 2 and 3. Labels
denote regions discussed in the main text: BMU: Barn Mountains uplift; BSFTB: Beaufort Sea fold and hrust belt;
HLFS: Husky Lakes fault system; KF: Knorr fault; PFS: Porcupine fault system; RFS: Richardson fault system;

WM: White Mountain uplift.
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North America, particularly during periods when the
plate’s velocity increased and its motion was oriented
at a high angle to the pre-existing structural grain of
the Cordillera. This suggests that the opening of the
North Atlantic Ocean provided the necessary far-field
tectonic forcing (Enkelmann et al., 2019; Stephan and
Enkelmann, 2025).

The RM remain seismically active today (Cassidy and
Bent, 1993; Pinet, 2021), and seismicity is concentrated
along the RFS, a system of steep north-south trending
faults that extend northward toward the Beaufort
Sea (Cassidy and Bent, 1993; Mazzotti and Hyndman,
2002; Hyndman et al., 2005; Pinet, 2021). The largest
recorded earthquakes in this region occurred in close
succession in 1940: M, = 6.2 on May 29, and M= 6.5
on June 5 (Cassidy and Bent, 1993; Hyndman et al,
2005a; Hyndman et al., 2005b). These major events
were complex ruptures, with focal depths ranging from
14.5 to 11 km for the May event, and 10 to 7 km for
the June event, generally located in the mid to upper
crust (Cassidy and Bent, 1993; Hyndman et al., 2005a;
Hyndman et al., 2005b). In general, earthquakes in the
RM are characterized by right-lateral strike-slip motion
along the north-south trending planes (Cassidy and
Bent, 1993; Cassidy et al., 2005). Structural analysis
of the RFS shows that this dextral movement often
affects previously tilted and deformed sedimentary
successions, highlighting a history of polyphase
deformation (Pinet, 2021). The orientation of the
pressure axes for these earthquakes is northeast-
southwest, consistent with the contemporary regional
stress field that influences the entire northern
Cordillera (Cassidy and Bent, 1993; Hyndman et al.,
2005; Gosselin et al., 2024).

Focal mechanism studies, including analysis of 1940
events and subsequent moderate earthquakes (M, = 4.8
in 1972 and M, = 5.0 in 1976), consistently show a
dominant right-lateral strike-slip faulting motion along
the Richardson Mountains fault system (Cassidy and
Bent, 1993; Cassidy et al., 2005; Hyndman et al,,
2005b; Leonard et al., 2007; Pinet, 2021). For the 1940
events, the preferred interpretation is the right-lateral
motion along north-south trending planes, consistent
with mapped surface faults in the region (Cassidy and
Bent, 1993). The pressure axes (maximum horizontal
stress) determined from these focal mechanisms are
oriented northeast-southwest (~N40°E), indicating that
the contemporary regional stress field is reactivating
the pre-existing, favourably oriented faults of the RFS
(Cassidy and Bent, 1993; Mazzotti and Hyndman,
2002; Hyndman et al,, 2005a; Hyndman, et al., 2005b).
This compressional orientation is similar to that found
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in the northern Mackenzie Mountains, suggesting that
both regions are driven by the same far-field stress,
although the Mackenzie Mountains predominantly
exhibit thrust faulting (Cassidy and Bent, 1993, 2025;
Hyndman et al., 2005b).

A key feature of the seismicity is the lack of aftershocks
for the 1940 Richardson Mountains earthquakes,
which is consistent with the estimated low stress
drops of 22 to 28 bars for these events, similar to
other major earthquakes in the eastern Canadian
Cordillera (Cassidy and Bent, 1993, 2025). The largest
earthquakes in the region occur frequently in pairs or
swarms, suggesting that stress triggering plays an
important role (Cassidy and Bent, 1993, 2025; Cassidy
et al., 2005). The RM represent a high seismic hazard
zone, with an estimated return period for a potentially
damaging earthquake (M=5) of about 2-3 years
(Cassidy et al., 2005; Hyndman et al., 2005). Based
on the maximum geological and seismic extent of the
main strike-slip fault system (estimated at 200 km),
the maximum possible magnitude is estimated to be
M =7.5 (ranging from 7.2-7.8; Mazzotti and Hyndman,
2002; Hyndman et al., 2005a; Hyndman et al., 2005b).
Despite the importance of the Richardson Mountains
as a kinematic pivot point, the locus of current
displacement and magnitude along the RFS is poorly
constrained (Pinet, 2021).

Data and methods

Earthquake catalogues

The source of events used in this study is Canada’s
National Earthquake Database (NEDB; Canadian
Hazards Information Service, 1985), originally created
and curated by the Geological Survey of Canada (GSC),
and now by the Canadian Hazards Information Service
(CHIS) within Natural Resources Canada (NRCan). This
database is the long-term primary national database
for seismicity within and near Canada, and is used as
the source of earthquake information for the Canadian
National Seismic Hazard Model (CNSHM; Kolaj et al,,
2023). Events within this catalogue have been located
and reviewed by analysts since its inception, and
historical earthquake epicentres were added through
the archival study of reports of ground shaking and
damage dating back hundreds of years. The ‘modern’
catalogue originated in 1985 when seismic data
increased in availability.

In Figures 1 and 2 we plot events from the NEDB that
have occurred since 1985, located within the study
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—138° -136° -134° -132°

Figure 2. Map of earthquakes extracted from the Canadian Hazards information Service (CHIS)
National Earthquake Database (NEDB; Canadian Hazards Information Service, 1985) for the region
of interest. Earthquake magnitudes are indicated by the size of the circle, and the colour of the circle
denotes the earthquake depth. The events coloured by depth are those events that occurred within
the period for the relocation, from January 1, 2015 to December 31, 2021. The light grey circles
denote the rest of the events in the NEDB, outside this time period. Inverted white triangles denote
the location of operating seismic stations during this time period. Regions A and B are indicated by
red boxes, as discussed in text.
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region. In Figure 1 only events M=3.0 are illustrated
to highlight seismically active areas in the broader
regional context. In Figure 2, which focuses on our
study region of the RM, we include all events in the
NEDB sized according to event magnitude. Events for
the time period between 2015 and 2021 are coloured
according to depth and are used as input to the analysis
in this work. Events indicated in grey are all remaining
NEDB events outside this time period to illustrate the
spatial distribution of events in the entire catalogue.
Within the confines of the RM study region in Figure 2,
there are a total of 1595 events in the NEDB, including
775 within the selected 2015 to 2021 period.

The distribution of these events is clearly concentrated
in two regions associated with the RFS: the southern
main strand between 66.5°N and 67.25°N (region A,
Figs. 2 and 3), and a northern cluster centred around
68°N (region B, Figs. 2 and 3). The depths of seismicity
within this region are poorly constrained between the
surface and ~40 km depth. Some diffuse additional
seismicity is observed off-axis of the RFS, potentially
accommodating stress release on more localized
structures tothe westorreflecting uncertaintiesin event
locations. Limited diffuse seismicity is also observed to
the east, within the Mackenzie Delta region.

For this analysis, we extracted events in the period
extending from January 1, 2015 to December 31,
2021 from the NEDB. This range is selected because
it corresponds to the highest density of seismic station
coverage in the area, due to the deployment of the
USArray Transportable Array (TA; IRIS Transportable
Array, 2003; Busby and Aderhold, 2020), in Alaska,
Yukon, and the westernmost region of the Northwest
Territories. The improved station coverage during this
period enabled a significant reduction in the detection
threshold and magnitude of completeness of the
earthquake catalogue, resulting in significantly more
recorded events (Ruppert and West, 2020). Although
most of the TA stations were removed during 2021,
a select number of these were retained by the GSC
(PQ; Geological Survey of Canada, 2013) and CHIS
(CN; Natural Resources Canada, 1975). Some of these
adopted stations have contributed to the ongoing
work of the Western Arctic Regional Network of
Seismographs (WARNS; Schaeffer et al., 2025).

Double-difference relocation

We used the double-difference (DD) relocation method
in order to better constrain the seismicity patterns
throughout the RM region. The DD relocation method
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is a widely used seismological technique designed to
improve relative earthquake hypocentres, and includes
many successful applications. In many cases, the
absolute location of events is also improved (Biegel et
al., 2024b). Improved relative locations can illuminate
active fault systems, allowing improved interpretation
and understanding of geological processes. This
methodology, typically implemented in software
such as HypoDD (Waldhauser, 2001) or its advanced
variants, leverages the additional information available
when considering multiple events jointly, rather than
independently located individual earthquakes.

The DD method is fundamentally a relative location
technique that treats the estimation of the locations of
all events within a cluster of earthquakes as a single
inverse problem. Rather than considering the observed
data as absolute travel times, the data are considered
differential travel times (Waldhauser and Ellsworth,
2000; Waldhauser, 2001). Specifically, the data are
the differences in travel times for events (within the
same cluster) recorded by the same stations. The
goal of the DD approach is to minimize the residuals
for these differential travel times (i.e., the differences
between observed and predicted differential travel
times). Hence, the objective function for this problem
is defined as a difference of differences, which is
where the term double-difference originates. The DD
method ultimately minimizes spatial distance errors
between neighbouring events, allowing more precise
identification of geological structures, such as active
fault planes, with high fidelity (Waldhauser and
Ellsworth, 2000; Waldhauser, 2001).

A fundamental inherent advantage to the DD approach
is that if two earthquakes occur in near proximity, the
paths that the seismic waves travel along to a recording
seismic station will be similar, particularly outside of
the earthquake source region. By treating the data as
the difference in arrival times for this event pair, any
errors introduced by complex or unmodeled velocity
structures along the propagation path to the station are
minimized. This process, known as common mode error
suppression, focuses location sensitivity primarily on
the region near the source (Jordan and Sverdrup, 1981;
Got et al, 1994; Waldhauser and Ellsworth, 2000).
This avoids the need for explicit station correction
terms typical in older relocation methods (Douglas
1967; Waldhauser and Ellsworth 2000).

By reducing velocity-model and station-correction
errors, DD relocations typically improve location
precision by orders of magnitude compared to
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traditional catalogue locations (Waldhauser and
Ellsworth, 2000; Waldhauser and Schaff, 2008). This
transformation collapses diffuse seismicity clusters
into sharply defined structures (Got et al., 1994; Schaff
et al., 2002; Wolfe, 2002). For example, studies on the
Northern Hayward fault showed that DD relocations
collapsed diffuse locations into sharp images, revealing
previously hidden structures such as horizontal lines of
hypocentres (Waldhauser and Ellsworth, 2000). This
increased resolution allows seismicity to be restricted
to specific geological units, providing excellent depth
constraints, particularly valuable in induced seismicity
studies (Rubin et al., 1999; Biegel et al., 2024b). Similar
methods applied in southern Yukon have illuminated
a network of discrete faults, as well as previously
unknown faults, that accommodate deformation due to
oblique collision of the Yakutat microplate with North
America (Biegel et al., 2022; Biegel et al., 2024a).

In this work, we apply the DD algorithm by integrating
two types of data into the inverse problem. First,
traditional arrival times for the P and S-wave phases are
obtained from the original NEDB. These catalogue data
constrain the larger relative locations between distant
earthquake clusters (multiplets) and uncorrelated
events (Douglas, 1967; Waldhauser and Schaff, 2008).
Second, for events with similar seismic waveforms
(‘doublets’ or ‘multiplets’), waveform cross correlations
are used to measure the differential arrival times
with sub-millisecond precision. These waveform
cross-correlation data can yield measurements with
precision orders of magnitude higher than manual
phase selection (Poupinet et al., 1984; Schaff et al,,
2004). Combining DD relocation catalogue data with
waveform cross-correlation data is widely considered
the most effective way to produce high-resolution
event locations, and determine inter-event distances
within multiplets to the highest accuracy (Poupinet et
al,, 1984; Waldhauser and Ellsworth, 2000).

We applied the DD approach to the selection of
775 earthquakes extracted from the NEDB, as outlined
in the previous section. In this analysis, we used both
the catalogue phase data and the calculated waveform
cross-correlation data, inverting these simultaneously
usingthescrtdd (Scarabelloetal.,2025)implementation
of HypoDD integrated into the SeisComP software
environment (Helmholtz Centre Potsdam GFZ
German Research Centre for Geosciences and gempa
GmbH, 2008). All combinations of waveform pairs for
these events are cross correlated, and the resulting
differential travel times are inverted with the catalogue
phase arrival times to produce the final DD relocated
catalogue. In this relocation analysis, we use a 1D
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reference model calculated from a regional average of
the velocity model derived by Esteve et al. (2022). For
the DD relocation, we performed a number of iterations
to explore the results based on selectable parameters
in the software, and used the parameterizations below:

e a minimum of 4 defining phases common
between stations;

e a minimum of 4 neighbouring events for each
eventin a chain;

e amaximum of 80 neighbouring events for each
event in a chain;

e a maximum search ellipsoid of 10 km;

e P-wave minimum cross-correlation coefficient
of 0.5;

e P-wave cross-correlation window of + 0.75 s
around the phase arrival,;

e S-wave minimum cross-correlation coefficient
of 0.5;

e S-wave cross-correlation window of + 1.0 s
around the phase arrival,;

e waveforms between

1-20 Hz;

band-pass filtered

e minimum signal to noise ration (SNR) of 2 for
phases;

e noise window -3 s to -0.35 s prior to the phase
arrival; and

e signal window -0.35 s to 1.0 s around the
phase arrival.

Many of the selected parameters optimum values are
dictated by the relative geometry of the stations and
the events in the region (i.e., the distances between
pairs of events and stations).

Results and discussion

Figure 3 illustrates our relocated earthquake catalogue
for the RM region. It is apparent from examining the
catalogue in map view that the quality control steps
inherent to the DD workflow has removed some
isolated seismicity (i.e., not in spatial clusters) that
occurred throughout the region. It is important to note
that this does not suggest that these events are not

Yukon Exploration and Geology 2025
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Figure 3. Map view of the relocated catalogue of 594 earthquakes across the Richardson Mountains
study region. Earthquake depths are denoted by the colour of the circle, and magnitudes by the size
of the circle. Major faults are plotted as dotted lines and ‘defined’ faults as solid lines, from the Yukon
Geological Survey (Yukon Geological Survey, 2016) and Northwest Territories Geological Survey
(Northwest Territories Geological Survey, 2018) online repositories. Regions A and B are indicated by
red boxes, as discussed in text. Two cross-sectional profiles, A-A' and B-B', are indicated by dashed
lines, and illustrated in Figure 5.
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real, or that there is no seismicity where the events
have been removed. Rather, this simply indicates that
there is not sufficient seismicity to be robustly inverted
within the DD framework. Therefore, the isolated
events are excluded from our subsequent analysis. The
final relocated catalogue includes 594 events.

The relocated earthquake catalogue highlights three
main areas where seismicity meets the DD criteria for
clustering, and as a result the spatial patterns of these
events are much more clearly illuminated. The first
area is the seismicity at the southernmost extent of the
map, at the corner where the RM rotate and meet the
Mackenzie Mountains. Second, moving northward, the
most significant cluster of seismicity is associated with
the main strand of the RFS, and locates predominantly
along the easternmost front range of the RM, between
approximately 65.75°N and 67.25°N. We refer to this
region as A and denote the cross-section through it
with profile A-A’. Finally, there is a more distributed
zone of seismicity farther to the north, which we refer
to as B, and illustrate with the cross-section profile
B-B'. Region B seismicity occurs immediately to the

north of the Richardson anticlinorium, within the White
Mountains uplift of the Babbage basin (see Figure 2,
Cecile et al., 2022). We observe a paucity of seismicity
along the RM in the area between the main regions of
seismicity A and B. We note that this lack of seismicity
is also apparent in the original NEDB and is likely not
due to the DD clustering and quality control processes.
This may indicate that either regions A and B are
distinct and disconnected, or that this intervening zone
is presently locked.

Figure 4 illustrates the depth distributions of events in
the NEDB catalogue and the relocated DD catalogue.
The peaks in depth values for the NEDB are a result
of fixing the depths manually by seismic analysts for
most events when there were insufficient stations
to constrain a free depth during the original location
process. Different values of the fixed depth have been
used over decades of the catalogue, resulting in the
artificial peaks observed at 1, 5, 10, 15 and 20 km
depths. Inthe relocated DD catalogue, itis clear that the
depth distribution of events has been reallocated across
the range; however, 2/3 to 3/4 of events are located to

Depth (km)

40 60

80 100 120 140 160

Counts

Figure 4. Histograms of earthquake depths computed for the NEDB events (in red) within
the Richardson Mountains study region and the relocated double-difference (DD) catalogue
(in black). We note that the peaks in the depths of the NEDB depth distribution are due to
common fixed event depths when free depths could not be constrained. These artifacts are

removed by the DD relocation process.
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depths shallower than 20 km. Figure 5 illustrates the
depths of seismicity along the profiles A-A’ and B-B’.
The profile locations are shown in Figure 3. All events
within 20 km of the profile are projected onto it. The
figure further highlights the catalogue artifacts due to
manual selection of event depths in the NEDB, as well
as the general diffusivity of seismicity.

Region A

Upon examination of region A in Figures 2 and 3, it is
clear that the relocation procedure has significantly
reduced the diffusivity of the pattern of seismicity,
and events are concentrated along the easternmost
edge of the RFS. Most of these events locate inboard
of the inferred eastern limit of Cordilleran deformation

(the dashed black line east of region A seismicity in
Figure 3). Furthermore, the main branch of seismicity
appears to align along a sub-linear feature dipping
westward. The dip of this cluster of seismicity is clearly
seen in cross-sectional view (Figure 5), and events at
the eastern leading edge are shallower and deepen
westward.

Figure 5a,c illustrates the vertical extent of seismicity
for profile A-A’. The top panel (Fig. 5a) illustrates the
NEDB catalogue along this profile: the grey circles are
the complete NEDB, whereas those in red represent the
window from 2015 to 2021 during the TA deployment
and improved seismic station density. It is challenging
to identify any consistent spatial pattern in the
precise east-west concentration of seismicity, nor any
specific pattern in depth, when considering the entire
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Figure 5. Cross-sections of earthquake catalogues. Seismicity in the NEDB is displayed in plots (a) and (b).
Events considered for relocation are illustrated in red, other NEDB events (mostly outside of the 2015 to
2021 period) are illustrated in grey. Seismicity in the relocated catalogue is illustrated in plots (c) and (d).
Locations of cross sections (A-—A’ and B-B’) are illustrated in Figure 3.
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NEDB. However, the relocated DD catalogue along
A-A" (Fig. 5c), defines a clear, consistent westward-
dipping structure, from near the surface to a depth of
~35 km, which is the inferred base of the crust (Audet
et al., 2020). Based on the width of the seismicity
across this depth range, we estimate the dip of this
seismogenic zone to be ~75°. Both the depth and the
dip of this seismogenic zone are consistent across the
150 km north—south extent. Notably, this seismicity
is significantly deeper than observed in other parts of
the Yukon (Drooff and Freymueller, 2023; Biegel et al.,
2024a), highlighting the unique deformation in the RM
area.

Extrapolating this dipping feature to the surface
along most of its north—south length, it appears to
intersect very closely with the surface trace of the
easternmost segments of the Knorr fault, a normal
fault that accommodated past rifting (e.g., Cecile et
al., 1985; Cecile et al.,, 2022). The direction and dip
of the seismogenic zoom we observe is compatible
with modern seismicity reactivating an existing normal
structure at depth.

Region B

Farther to the north, the seismicity of region B is not
narrowly concentrated along the eastern front ranges
of the RM, as is the case with seismicity in region A.
Instead, here, we observe diffuse seismicity across the
mountain range, despite the DD relocations. We note
that the topographic expression is much wider in this
region, as it incorporates a wider zone of deformation
encompassing the White Mountains uplift, Barn uplift,
and stretching to the British Mountains farther west.
Along the southern boundary of this region, the PFS
enters from the southwest, whereas the RFS enters
from the south at the southeast corner. Finally, the
HLFS departs to the northeast from the northernmost
extent of the front ranges. This zone therefore records
a complex interplay of pre-existing structures that
supported significant amounts of deformation over
hundreds of millions of years . In this context, the more
distributed seismicity occurring across this region,
suggests there is no single preferred active fault strand
on which the seismicity has coalesced, in contrast to
region A. Rather, seismicity clearly remains distributed
across much of the width of the mountain range and
active deformation zone.

The distribution of seismicity indicated in cross-section
B-B’ is illustrated in Figure 5b,d. Here, the differences
between the starting NEDB catalogue and the relocated
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catalogue appear laterally less significant compared to
region A. The apparent loss of seismicity east of the
40 km point along the profile is predominantly due
to the clustering and quality control processes. The
relatively sparse seismicity along the Bug Creek fault,
the presumed active easternmost fault of the Aklavik
Front Ranges, is retained as a consequence of selecting
only those events suitable for inversion of differential
travel times. However, we note that the relocation
procedure indicates that much of the seismicity in region
B is hosted on shallow (<10 km deep) structures, or
that the seismogenic thickness of the crust in this area
is more limited (Biegel et al., 2024a). This is consistent
with previous observations of Esteve et al. (2022),
who propose the seismogenic thickness of the crust
shallows northward through the RM, potentially due to
increasing crustal temperatures.

Concluding remarks

This work re-examines a subset of the modern
earthquake catalogue in northwestern Canada, along
the RM, through application of the DD earthquake
relocation process. Our relocated catalogue leads to
several key findings, listed below.

e There is a reliability of inferred earthquake
depths with the removal of catalogue artifacts
due to manually fixed depths in the 0-20 km
range.

e Much of the seismicity along the main branch
of the RM is in close proximity to the surface
expression of the Knorr fault and maintains a
consistent ~75° westward dip along the entire
~150 km length of the easternmost edge of the
RFS. This is compatible with reactivation of the
normal fault surface of the Knorr fault.

e Seismicity farther north along the RM, within
the complex White Mountains and Barn uplifts,
is more diffuse without a dominant active
structure.

These preliminary findings motivate the need for
ongoing and additional study of active tectonics in
the area. Specifically, the utilization of additional data
recorded on seismic stations deployed recently through
the WARNS initiative will enable further enhancement
of earthquake catalogues. An outstanding tectonic
question is the connection and relation of the Bug Creek
fault to the HLFS. Additionally, the seismic quiescence
along a ~75 km segment of the RM that we note from
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both the NEDB and our relocated catalogue may imply
a seismic gap or a change in seismogenic capacity of
the crustal column. This has implications for maximum
possible seismogenic fault size, and therefore seismic
hazards. These questions will be addressed in future
work. Our initial re-examination of the modern
earthquake catalogue in the RM will contribute to
improved understanding of the geological history and
resource potential of the region, as well as support
decision-making that mitigates natural hazards for
Canada’s northern communities.
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