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Abstract We present the first geomorphic evidence for successive, surface-rupturing earthquakes
throughout the Quaternary on the Tintina fault in the Yukon Territory, northwestern Canada. A ~130-km-long
series of scarps and pressure ridges offset 2.6 Ma and 132 ka landforms by ~500-1,500 m and 65-85 m,
respectively, indicating a dextral slip rate of ~0.2-0.8 mm/yr. However, early Holocene terraces are
undeformed across the fault, implying that the elapsed time since the most recent earthquake is >12 kyr and that
the fault may be nearing the end of a long interseismic cycle. A minimum slip deficit of ~6 m has likely accrued
since the last major surface rupture, and future earthquakes could exceed M,, 7.5. These results highlight the
hazards of earthquakes on mature, low-slip-rate intraplate faults, which may have exceptionally long recurrence
intervals, elude instrumental networks, and lack a distinct surface expression due to landscape resetting.

Plain Language Summary The Tintina fault is a major ~1,000-km-long geologic fault in the Yukon
Territory of northwestern Canada, previously believed to have last been active around 40 million years ago, but
speculated to remain capable of generating large earthquakes. Using new high-resolution topographic data
collected from satellites, airplanes, and drones, we have identified a 130-km-long segment of the fault where 2.6
million-year-old, and 132 thousand-year-old geological formations are laterally shifted across the fault by
~1,000 and 75 m, respectively. From this, we surmise that the Tintina fault has ruptured in numerous large
earthquakes in the recent geologic past, and continues to accumulate strain at an average rate of 0.2-0.8 mm/yr.
We further show that the fault has not ruptured in a major earthquake for at least 12 thousand years, and could
generate an earthquake of at least magnitude 7.5 in the future. The Tintina fault therefore represents an
important, previously unrecognized, seismic hazard to the region.

1. Introduction

Identifying and characterizing seismogenic faults in slowly deforming regions is a major challenge for seismic
hazard analysis. Microseismicity often does not align (or even exist) along such faults, geodetic networks
commonly lack the precision to resolve sub-millimeter/year slip rates, and low-strain-rate regions are generally a
low priority for dense instrumentation. Recurrence intervals between large earthquakes on low-slip-rate faults can
be both long and irregular (Bollinger et al., 2021; Griffin et al., 2020; Nicol et al., 2016; Yuan et al., 2018), and
consequently, multi-event paleoseismic and tectono-geomorphic records are rare. This issue is exacerbated in
young landscapes reset by icesheets or other climatic factors, where faults have not had time to accrue significant
offset of the youngest surfaces. Seismic hazard models in these regions typically rely on area sources based on
historical seismicity alone, which may not capture the maximum credible earthquake or the potential for surface
rupture. Notably, low-slip-rate faults are shown to produce larger magnitude earthquakes with greater static stress
drops than faster slipping faults with comparable rupture lengths, underscoring the importance of characterizing
them (Anderson et al., 2017).

In this paper we examine the Tintina fault, a major, structurally mature fault, that occupies a pronounced,
northwest-trending, ~1,000-km-long valley known as the Tintina Trench in the Yukon Territory, northwestern
Canada (Figure 1; Gabrielse et al., 2006). It connects NW to the Kaltag fault in Alaska, and SE to the Rocky
Mountain Trench fault in British Columbia. The Tintina fault is shown to have accrued ~430 km of cumulative
dextral offset, largely in the Eocene (Gabrielse et al., 2006), and may have slipped at rates as high as 13 mm/yr
(Ryan et al., 2017), making it an end member in terms of structural maturity. However, its activity has since
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Figure 1. Physiography and seismotectonics of the Yukon Territory. Quaternary scarps along the Tintina fault in this study
are highlighted with a red line. Maximum ice limits for the McConnell, Reid and Pre-Reid glaciations are from Dalton

et al. (2023) and Duk-Rodkin (1999). Reid and Pre-Reid limits are not mapped beyond the Yukon Territory. Seismicity
(Natural Resources Canada, 2024) and a subset of GNSS velocities relative to stable North America (Elliott &
Freymueller, 2020) demonstrate a slow rate of deformation in the Cordilleran interior.

waned. There are low levels of diffuse seismicity along it (Drooff & Freymueller, 2023) with only ~2 earthquakes
>M,, 3.0 per year (Figure 1). Summing the seismic moment yields a slip rate of 0.5 (+0.9/—0.3) mm/yr, and
geodetic block models struggle to resolve any slip (Elliott & Freymueller, 2020; Leonard et al., 2007, 2008).
Strain from the ongoing Yakutat collision in southeast Alaska is transmitted across the entire northern Cordillera
(Mazzotti & Hyndman, 2002; Figure 1), leading to suggestions that the Tintina fault may still be capable of large
surface-rupturing earthquakes (Duk-Rodkin et al., 2001; Mortensen & Von Gaza, 1992). However, while Can-
ada's National Seismic Hazard Model includes the potential for earthquakes up to M, 7.8 in a broad
(>3 x 10° km?) source area covering central Yukon Territory, the Tintina fault is not currently recognized as a
discrete seismogenic fault source (Adams et al., 2019; Kolaj et al., 2023).

The landscape in northwestern Yukon is among the oldest in Canada, with high potential for preservation of
tectonic landforms. Aside from a few isolated ice fields in the Ogilvie Mountains, much of the region remained
ice-free during the most recent Late Pleistocene (late Wisconsinan), Marine Isotope Stage (MIS) 2 glaciation,
locally referred to as the McConnell glaciation, which otherwise covered most of the Canadian Cordillera
(Figure 1) between ~24 and 12 ka (Dalton et al., 2023; Stroeven et al., 2010). Several older and more spatially
extensive glaciations did advance into northwestern Yukon (Duk-Rodkin, 1999): these are the late-Middle
Pleistocene Reid glaciation (MIS 6), which ended at ~130 ka (Demuro et al., 2012), and several Late
Pliocene-Middle Pleistocene Pre-Reid glaciations (0.2-2.6 Ma; Hidy et al., 2013). Sedimentation at the margins
of these icesheets left moraines and glaciofluvial deposits with distinctive soils on their surfaces (Smith
et al., 1986; Tarnocai et al., 1985) that, together with the absolute ages, provide constraint on the slip rate and
timing of ruptures on the Tintina fault (Figure 2).
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Figure 2. Map of Quaternary fault scarps (130 km total length) along the Tintina Trench in the Klondike region. Limits of the
McConnell, Reid, and Pre-Reid ice are from Duk-Rodkin (1999). Direct age constraints are shown in boxes (also see Table
S1 in Supporting Information S1). Numbered squares correspond to characteristic soil weathering profiles in Figure S7 in
Supporting Information S1. Some sample sites occur on glaciofluvial outwash terraces and are therefore beyond the ice limit
of the corresponding glaciation. Basemap is ArcticDEM version 4 (Porter et al., 2023).

Using new ArcticDEM and drone lidar topographic data (Salomon et al., 2024), surficial mapping, and
geochronological constraints (see Text S1 in Supporting Information S1), we provide the first conclusive evi-
dence for large surface-rupturing earthquakes on the Tintina fault in the Quaternary (2.6 Ma to present). We
further show that despite rupturing numerous times throughout the Pleistocene (2.6 Ma to ~12 ka), the Tintina
fault has not ruptured in a large event in the Holocene (12 ka to present) and may be late in its seismic cycle, which
has significant seismic hazard implications. Our findings highlight a pitfall of relying on the short Holocene
paleoseismic record for seismic hazard analysis and show that in low-strain-rate regions, existing, mature faults
can accommodate strain via large earthquakes with recurrence intervals on the order of >10* years.

2. Geomorphic Evidence of Pleistocene Surface Ruptures on the Tintina Fault

We map a series of semi-continuous lineations and scarps spanning 130 km along the Tintina Trench (Figure 2).
The fault traces offset and deform glacial and proglacial sediments and surfaces of Reid (132 ka) and Pre-Reid
(2.6 Ma) ages. Below, we describe three distinct segments of the fault, here named the Flat Creek, Dempster, and
Dawson segments.

2.1. The Flat Creek Fault Segment

The 52-km-long Flat Creek fault segment crosses a broad plain southwest of the Klondike Highway (Figure 3).
Here, 2.6 Ma Pre-Reid outwash gravels and till (Froese et al., 2000) are deformed by an up to 20-m-high scarp and
a series of en-echelon mounds and depressions that we interpret as positive and negative flower structures. A
shallow test pit on one of the mounds (blue star; Figure 3) confirms a composition of clast-supported pebble-
cobble gravel, weathering to reddish brown, consistent with Pre-Reid glaciofluvial deposits (Smith
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Figure 3. Detailed view of the Flat Creek fault segment. (a) ArcticDEM (Porter et al., 2023) hillshade showing the scarp cross-cutting the 2.6 Ma Flat Creek Beds. See
Figure 2 for map extent. Topographic profiles are shown with both 1:1 scale (lower) and a vertical exaggeration (upper). (b, ¢c) Median back-slip restorations (from
LaDiCaoz) of 1,250 m right lateral offset to Flat Creek riser and 750 m right lateral offset to Gravel Lk. moraines. (d) 3D model and kinematic interpretation of the en-
echelon push-ups. (e) Drone photo looking northwest along fault trace showing dense boreal forest cover. Push-up structures are highlighted by groves of yellow birch
trees. Inset image shows subrounded cobble gravel and reddish-brown soil characteristic of Pre-Reid “Wounded Moose” paleosol in test pit located at blue star at top of

push-up.

etal., 1986; Tarnocai et al., 1985). The pull-apart depressions are commonly occupied by sag ponds. The push-up
structures are on the order of 300 m long, 50 m wide, and 20-40 m high, at least an order of magnitude larger than
coseismic “mole tracks” observed along continental strike-slip surface ruptures (Choi et al., 2018; Little
et al., 2021; Rizza et al., 2015). However, they closely resemble larger push-up structures and pressure ridges
observed along the Kunlun fault in northern Tibet (Fu et al., 2003; Lin et al., 2004), and the Denali fault in
southwestern Yukon (Blais-Stevens et al., 2020; Finley et al., 2022; Haeussler et al., 2017), which are interpreted
to record cumulative mole-track-style deformation resulting from transpression. Tibet and the Yukon both have
semi-continuous permafrost at present, and such surface deformation may be a consequence of the rheological
properties of frozen ground in thick surficial sediments. In addition to the push-up structures being indicative of
dextral transpression, we interpret a set of subdued, arcuate, northwestward-convex ridges as Pre-Reid terminal
moraines; these are dextrally offset by 500-1,000 m (Figure 3 and Figure S1 in Supporting Information S1). The
Flat Creek valley riser appears dextrally offset by 1,000-1,500 m, though this may exceed the true tectonic offset
due to erosion of the riser by the creek immediately north of the fault.

2.2. The Dempster Fault Segment

The 7.7-km-long Dempster fault segment crosses the Dempster Highway northeast of the Klondike Highway
junction. A fault scarp offsets terraces of Reid age (Gt-R), but does not deform terraces of McConnell age (Gt-M),
nor the modern floodplain of the Klondike and North Klondike Rivers (Figure 4 and Figure S2 in Supporting
Information S1). The scarp has a consistently northeast-side-up vertical separation of 3.3 £ 2.5 m (Figure S4 in
Supporting Information S1). A discontinuous terrace riser, interpreted as late-Reid because it merges with a Reid-
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Figure 4. Detailed view of the Dempster fault segment. (a) Surficial map of the Dempster fault segment, based on existing maps (Duk-Rodkin, 1996; Froese, 2005a,
2005b; McKenna & Lipovsky, 2014; Thomas & Rampton, 1982) and augmented with new high-resolution topography. See Figure 2 for map extent. Topographic
profiles C-C’" and D-D’ are provided in Figure S3 in Supporting Information S1. (b) Detailed map of the Dempster fault segment. Base map is drone lidar data. The
~132 ka Reid-age terrace surface is vertically offset by 3.3 + 2.5 m, and dextrally offset by 65-85 m. Topographic profiles are shown with both 1:1 scale (lower) and a
vertical exaggeration (upper). (c) LaDiCaoz restoration of median 75 m right lateral offset of terrace riser. (d) Drone photo looking northwest along fault trace, with
annotation showing dextrally offset riser.
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age outwash channel (rather than incising it), is dextrally offset by 65—85 m (Figure 4). This riser may have been
trimmed or reworked, but this would have occurred primarily on the upstream side of the fault making our offset
measurement an underestimate. We consider this riser the most reliable offset marker available and use it as a
primary constraint on slip rate. Two less clearly defined features with apparent dextral offsets of ~200 and
~130 m (Figure 4 and Figure S2 in Supporting Information S1) provide supporting evidence, but we consider
them less reliable for slip rate calculation (see Text S1 in Supporting Information S1 for details).

2.3. The Dawson Fault Segment

The Dawson segment extends for a further 70 km northwest, passing within 20 km of Dawson City (Figure 2 and
Figure S5 in Supporting Information S1). This fault segment has more topographic relief than the Flat Creek and
Dempster segments; colluvial and mass wasting processes are more dominant, contributing to poorer scarp
preservation. We map a series of discontinuous lineaments and scarps, most of which exhibit northeast-side-up
separation with no evidence of lateral offset. These scarps deform surfaces mapped as glaciofluvial terraces, till
plains, and till veneers of both Reid and Pre-Reid age (Duk-Rodkin, 1996). We attribute the lack of observable
lateral offset to the fact that channel offsets are poorly preserved on low-slip-rate faults over long time periods, as
the channels tend to avulse to straighter paths (Dascher-Cousineau et al., 2021; Reitman et al., 2022). Cumulative
lateral offsets are better preserved by static geomorphic features on flat terrain, such as the terrace risers and
moraines on the Flat Creek and Dempster segments. Thus, we are confident in our interpretation of predominantly
strike-slip kinematics on the Tintina fault despite the preservational bias towards the relatively minor dip-slip
component.

3. Analyses and Implications
3.1. A Low Slip Rate and a Long, Open Interseismic Interval

Our measurements of deformed and undeformed Quaternary landforms indicate that the modern kinematics of the
Tintina fault are dominantly right-lateral and the slip rate is low. The lack of deformation on McConnell-age
terraces suggests that there has been no surface rupture or aseismic slip at least since the McConnell ice sheet
receded from the Ogilvie Mountains >12 ka (Dalton et al., 2023; Menounos et al., 2017; Stroeven et al., 2010).
Thus, if the total 65-85 m of right-lateral offset of the Reid-aged terrace riser occurred between the ends of the
Reid and McConnell glaciations, we estimate a closed-interval slip rate of 0.5-0.8 mm/yr (Figure 5). This rate is
consistent within uncertainty both with a longer-term closed-interval slip rate of 0.2-0.6 mm/yr that can be
estimated from the 500-1,500 m right-lateral offsets to the Pre-Reid (ca. 2.6 Ma) Flat Creek beds (Figure 5), and
with a slip rate estimate of 0.5 (+0.9/—0.3) mm/yr from seismic moment summation (Leonard et al., 2008). Given
that regional GNSS velocities indicate northeastward convergence (Figure 1), there may be some degree of strain
partitioning between strike-slip along the Tintina fault and active shortening across thrust belts to the northeast
(Leonard et al., 2008).

We suggest that the lack of surface rupture through McConnell-aged and younger deposits is due to a currently
open interseismic interval of at least 12 kyr, rather than waning tectonic activity. It is impossible from surface
morphology alone to determine the frequency of earthquakes preserved in the landscape. Low-slip-rate faults are
known to have long and variable intervals between earthquakes with differing average slip per event (Griffin
et al., 2020; Nicol et al., 2016; Yuan et al., 2018), though this behavior may be moderated by the high structural
maturity of the Tintina fault (Berryman et al., 2012; Thakur & Huang, 2021). However, most large strike-slip
ruptures globally have <10 m slip (Wesnousky, 2008), so we can infer that the 65-85 m of lateral offset on
the Dempster fault segment likely records at least ~7 major earthquakes. The 500-1,500 m dextral offsets on the
Flat Creek segment potentially record >100 individual earthquakes throughout the entire Quaternary Period.
These measurements therefore provide robust long-term slip rates that average out any temporal variations
(Styron, 2019). Further paleoseismic investigations are required to determine the recurrence intervals between
past earthquakes, and whether slip rates have changed through time due to shifts in tectonic regime, or glacial
isostatic adjustment.

3.2. Potential for Large Earthquakes

Using empirical scaling relations between maximum surface slip, surface rupture length, and moment magnitude
(Wesnousky, 2008) we find that the Tintina fault is capable of large earthquakes despite its low slip rate. The
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Figure 5. Slip rate and magnitude calculations. (a, b) Range of closed-interval slip rates calculated from offsets to Pre-Reid-
age moraines and terraces, Reid-age terrace riser, and the inferred most recent event (MRE) >12 ka (see Text S1 in
Supporting Information S1). Slip deficits are projected into the open interval to define range of possible time-displacement
positions for future earthquakes. (c) Empirical power-law scaling relation between maximum surface slip and surface rupture
length (Wesnousky, 2008). A minimum slip deficit of 6 m corresponds to a surface rupture length of 175 km (red star).

(d) Empirical scaling relation between surface rupture length and M, (Wesnousky, 2008). A 175 km surface rupture length
corresponds to a minimum moment magnitude of 7.5 (red star). (c, d) Include datapoints from historical, instrumentally
recorded strike-slip earthquakes (indexed in Table S2 in Supporting Information S1). The orange rectangles indicate full
range of plausible values.

~130 km length of visible surface rupture corresponds to M,, 7.4 (Figure 5), but we view both the rupture length
and associated magnitude as underestimates given the inferred long open interval and consequent likelihood that
parts of the scarp have been substantially eroded, particularly in sloped terrain. Taking the 12 kyr minimum
recurrence interval and the 0.5 mm/yr late Quaternary minimum slip rate, the fault will have accumulated at least
6 m of slip deficit since it last ruptured (Figure 5), a value within the range of modern strike-slip surface ruptures
(Wesnousky, 2008). Coseismic slip of 6 m empirically predicts a rupture length of 175 km and M, 7.5 (Figure 5).
The highly linear Tintina fault trace is likely conducive to long surface ruptures, with minimal steps and bends to
arrest slip propagation (Wesnousky, 2006). Critically, our estimate of M., 7.5 is a minimum, as the coseismic slip
and corresponding rupture length could be larger (and the recurrence interval longer). The resemblance of the
Tintina scarp morphology—particularly on the Flat Creek segment—to push-up structures along major faults in
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Central Asia that have hosted M,, > 7.8 ruptures (Choi et al., 2018; Fu et al., 2003; Lin et al., 2004; Rizza
et al., 2015) further supports the notion that the Tintina fault may be capable of similarly large earthquakes.

The fate of a potential ~175-km-long surface rupture beyond the 130-km-long scarp currently preserved is not
known, but we note that Reid-age terraces directly along strike to the southeast near Stewart Crossing (Figure 2)
are not visibly faulted. Surface ruptures may have extended northwestward into Alaska where the more moun-
tainous terrain is less conducive to scarp preservation. A rupture extending to the northwest raises the possibility
of a link with the active Preacher-Medicine Lake segment of the Tintina fault, near the hamlet of Central, Alaska
(Figure 1 and Figure S6 in Supporting Information S1), ~210 km northwest of the termination of scarps we map in
the Klondike region. This site exhibits a ~5-m-high north-side-up scarp that offsets a 18—12 ka surface of loess
(Haeussler et al., 2024), though it lacks any clear lateral offsets.

3.3. Seismic Hazard Implications

Our results have significant implications for seismic hazard in the Yukon Territory and neighboring Alaska. If
>12 kyr have elapsed since the last major earthquake, the fault may be at an advanced stage of strain accumu-
lation. Notably, viscoelastic models show that geodetically derived strain rates will appear low across faults near
the end of long recurrence intervals, with most of the strain having accumulated early in the seismic cycle (Wang
et al., 2021). This modeling result is consistent with the fact that strain accumulation on the Tintina fault is
currently unresolvable with GNSS (Elliott & Freymueller, 2020; Leonard et al., 2007). An M,, > 7.5 earthquake
would cause severe shaking in Dawson City (population ~1,600), <20 km from the mapped fault trace (Figure 2),
and could also damage important highways and nearby mines. Compounding the shaking hazard, the Klondike
region is prone to landslides, which could be seismically triggered. In particular, the Moosehide Slide immedi-
ately north of Dawson City, and the newly discovered Sunnydale landslide directly across the Yukon River, both
show ongoing signs of instability (Bodtker et al., 2023; Brideau et al., 2007). More work is needed to determine
the impact of revising seismic hazard models to include the Tintina fault as a discrete fault source; due to its low
slip rate and long recurrence time, changes to computed hazard values may only be marginal. However, the fact
that it is late in an open interval highlights the importance of time-dependent seismic hazard models (Petersen
et al., 2007) and the need for more paleoseismic data.

Owing to its position outside the limits of Late Pleistocene glaciation, the segments of the Tintina fault examined
herein likely represent the longest tectono-geomorphic record of active faulting in Canada, and among the longest
globally. Had this area been glaciated in the Late Pleistocene, no record of surface rupture would be preserved,
and instrumental networks would provide little indication of the earthquake potential. Our results therefore
suggest that the paucity of fault surface ruptures observed in other low-strain-rate regions of the Canadian
Cordillera is due—at least in part—to a preservation problem arising from extensive Late Pleistocene glaciation
(Figure 1) rather than a true absence of paleoseismic activity. These findings should motivate future paleoseismic
studies of potentially active faults, particularly pre-existing mature structures that may localize strain in slowly
deforming regions.
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