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Variations in Lithospheric Thickness Across the Denali Fault
and in Northern Alaska

Isabella Gama' (), Karen M. Fischer!, Colleen A. Dalton' (*); and Zachary Eilon?

'Department of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI, USA, *Department of Earth
Sciences, University of California, Santa Barbara, CA, USA

Abstract While variations in crustal structure beneath the Denali fault in Alaska are well-documented,
the existence of fault-correlated structures throughout the entire thickness of the continental lithosphere is not.
A new model of shear-wave velocity structure obtained through joint inversion of surface wave and converted
body wave data shows a northward increase in lithospheric thickness and velocity occurring across the Denali
fault system. In northern Alaska, a dramatic increase in lithospheric thickness at the southern margin of the
Arctic-Alaska terrane lies in the vicinity of the Kobuk fault system. These correlations support the view that
transpressive deformation tends to localize at the margins of thicker, higher-strength lithosphere.

Plain Language Summary Major faults in Earth’s tectonic plates, such as Alaska's Denali fault,
begin as brittle fractures of the shallow crust and progress to include ductile shearing of the deeper crust.
Changes in tectonic plate thickness or internal temperature have been observed beneath some faults, consistent
with feedback between the strength of the deeper plate and the location of the fault. Using global earthquake
signals, we built a new 3-D model of seismic velocity structure throughout Alaska, extending from the surface
to hundreds of kilometers in depth. According to the model, the Denali fault coincides with a northward
thickening and an apparent abrupt temperature increase within Alaska's plate. Further north, at another
boundary between geological provinces near the Kobuk fault, we also find an abrupt thickening of the plate.
These relationships are consistent with faults being located near the edges of thicker, stronger regions of the
tectonic plates.

1. Introduction

Globally, prior work has shown that several continental strike-slip faults are connected to shear zones in the mantle
with distinct signatures. These signatures include mantle deformation fabrics (e.g., Blirgmann & Dresen, 2008;
Cao & Neubauer, 2016; Norris & Toy, 2014; Teyssier & Tikoff, 1998; Titus et al., 2007; Vauchez et al., 2012),
or changes in lithospheric thickness and mantle velocity gradients that are inferred to span the entire thickness
of the lithosphere (e.g., the Altyn Tagh fault, Wittlinger et al., 1998; the Tanlu fault zone, Chen et al., 2006; the
Northern Anatolian fault, Fichtner et al., 2013; the central San Andreas Fault, Ford et al., 2014; the Moroccan
Atlas fault, Miller & Becker, 2014; the Alpine Fault, Hua et al., 2018; the Tintina fault, Esteve et al., 2020). In
Alaska, the Denali fault (Figure 1b) is a remarkable strike-slip system extending over 2,000 km in length. It has
been active since at least 65 Ma, has accommodated hundreds of kilometers of dextral motion, and has main-
tained a relatively stable curvature since 45 Ma (Benowitz et al., 2022; Regan et al., 2020). The Denali fault also
plays a fundamental role in the mechanics of how shortening due to subduction in southern Alaska is partitioned
into upper plate deformation (e.g., Jadamec et al., 2013). However, while abundant evidence exists for offsets
in crustal thickness and velocity across the Denali fault and the adjacent Hines Creek fault (Allam et al., 2017;
Brennan et al., 2011; Gama et al., 2022; Haney et al., 2020; Mann et al., 2022; Martin-Short et al., 2018; Miller,
O’Diriscoll, et al., 2018; Miller, Roeske, & Benowitz, 2018; Rossi et al., 2006; Veenstra et al., 2006; Ward, 2015)
the connection of the Denali fault to structures in the deeper mantle lithosphere has remained uncertain. In a new
model of shear-wave velocity structure obtained from joint inversion of surface wave and converted body wave
data, we find that the Denali fault lies above a transition in lithospheric thickness. We also find that the Kobuk
fault, a now low-slip dextral strike-slip fault in the southern foothills of the Brooks Range in northern Alaska (Avé
Lallement et al., 1998; Elliott & Freymueller, 2020), lies close to a dramatic northward increase in lithospheric
thickness.
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2. Joint Inversion of Rayleigh Wave Phase Velocities and a Sp Receiver Function
Stack

We obtained new constraints on the crust and mantle shear wave velocity structure beneath Alaska through
joint inversion of two complementary data types: (a) fundamental mode Rayleigh wave phase velocities,
which provide information on absolute shear velocities as a function of depth and (b) a stack of S-to-P (Sp)
converted waves, which enhance the resolution of vertically-localized velocity gradients such as the Moho and
lithosphere-asthenosphere boundary (Eilon et al., 2018; Gama et al., 2021).

Sp information was derived from a common conversion point (CCP) stack of Sp receiver functions (Gama
et al., 2022) based on 449 broadband stations in Alaska (Figure 1a) (network information provided in the Data
Availability Statement section), including 153 stations of the NSF EarthScope Transportable Array. For earth-
quakes larger than Mw 5.8, recorded between 1986 and 2021, 73,500 Sp receiver functions were calculated
from waveforms filtered with a 2—100 s bandpass. The receiver functions were projected to a 3D volume using
Fresnel-zone-based weighting functions (Hua, Fischer, Wu, & Blom, 2020) and the velocity model of Nayak
et al. (2020).

Fundamental-mode Rayleigh-wave phase velocities for broadband stations in Alaska, including EarthScope
Transportable Array stations, were obtained from ambient noise and earthquake sources (Figure S1 of Support-
ing Information S1). For Rayleigh waves generated by earthquakes, we followed the approach of Babikoff and
Dalton (2019) to calculate phase velocities at periods 30-140 s. Ambient noise phase velocities for periods from
5 to 25 s, were obtained using the method of Ekstrom et al. (2009). More description of these analyses appears
in the Supporting Information.

The surface and converted wave data were jointly inverted using a transdimensional hierarchical Bayesian
approach (explained in more detail in Eilon et al., 2018 and Gama et al., 2021) in 444 1-D vertical columns
(Figure 2d) regularly spaced at 0.5° in latitude and 1.0° in longitude, except where gaps in data necessitated a
sparser grid. Shear-wave velocity (Vs) was parameterized using adaptive cubic B-spline functions in the crust
and mantle, where the number and depth of the spline knots were allowed to vary as required by the data. Other
parameters include the depth and velocity contrast at the Moho, a single ratio of compressional-wave velocity
(Vp) to Vs in the crust, and hyperparameters that describe the relative uncertainties of the two data types. Vp/
Vs in the mantle was assumed from the AK135 reference model (Kennett et al., 1995), and density was obtained
from the Vs-density scalings of Brocher (2005) for the crust and Abers and Hacker (2016) for the mantle. Tests of
this inversion approach with synthetic Rayleigh wave phase velocities and Sp receiver functions demonstrate that
it is effective at resolving Vs as a function of depth, including vertically-localized gradients (Gama et al., 2021).

For each iteration in six parallel chains of 20,000 iterations we a) generated a synthetic Earth velocity profile
by randomly perturbing individual model parameters using the ranges and probabilities shown in Table S1 of
Supporting Information S1, b) forward-calculated the corresponding Sp receiver function and Rayleigh wave
dispersion curve predictions, c) calculated the misfits of these predictions to the observed Sp CCP stack and
Rayleigh wave phase velocities, and d) accepted or rejected each model based on its posterior probability.
Predicted Sp receiver functions were obtained from synthetic waveforms calculated with a propagator matrix
method (Keith & Crampin, 1977) using the same processing that was applied to the real Sp data prior to CCP
stacking. For the body-wave data, misfit was defined as the difference between the convolution of the observed
receiver function stack with the synthetic parent phase and the convolution of the synthetic receiver function with
the Gaussian function used in the deconvolution (half-width of 0.9 s). This approach accounts for differences
in the frequency content of observed and predicted receiver functions. Predicted fundamental-mode Rayleigh
wave phase velocities were obtained using Fréchet kernels, with eigenfunctions calculated by Mineos (Masters
et al., 2011). Misfit for surface wave data was based on the difference between predicted and observed phase
velocities. We accepted or rejected the model from each iteration by applying a Metropolis-Hastings acceptance
criterion (Hastings, 1970) to the posterior probability calculated with the prior and likelihood functions, follow-
ing the approach in Eilon et al. (2018) and Gama et al. (2021). The prior distributions for all parameters were
determined empirically (Eilon et al., 2018), were roughly uniform, and were constrained by the bounds in Table
S1 of Supporting Information S1.

To form a final model probability distribution, we combined the posterior distributions of all accepted chains,
excluding “burn in” models in the first eight thousand iterations when model distributions have sometimes not
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Figure 1. Study region. (a) The 449 broadband seismic stations used in this study (yellow inverted triangles) superimposed on topography (ETOPO1, Amante &
Eakins, 2009). Red triangles are Quaternary volcanoes (avo.alaska.edu) and gray lines are slab contours (Daly et al., 2021; Hayes et al., 2018). BR: Brooks Range;
SP: Seward Peninsula; WVF: Wrangell Volcanic Field. (b) Major faults (thick red lines) from Elliott and Freymueller (2020), except for the Hines Creek Fault and the
Northern Foothills Thrust Belt (NFTB) which are from Benowitz et al. (2022), superimposed on tectonic terranes (Colpron et al., 2007; Colpron & Nelson, 2011).

achieved stationarity and are not representative of the global data misfit minimum. The final Vs model was
defined by the median Vs of the ensemble at each depth. Vs uncertainty was described by the 68th percentile
range of values at each depth (Figure S2 of Supporting Information S1). Examples of Vs versus depth obtained
through the individual 1D inversions are shown in Figure S3 and Figure S4 of Supporting Information S1.

3. Results and Discussion
3.1. Shear Wave Velocity Structure Beneath Alaska: Large-Scale Patterns

At a depth of 44 km, the Vs model contains significant gradients across the Denali fault (Figure 2a). Velocities
are typically greater than 4.4 km/s to the north of the Denali fault, corresponding to mantle lithosphere, whereas
velocities range from 4.0 to 4.3 km/s to the south, corresponding to a combination of thick crust and low velocity
asthenospheric mantle. The magnitude of this velocity contrast is significant in comparison to the 68th percentile
(one-standard-deviation) velocity uncertainties, which are less than 0.05 km/s over most of this region (Figure
S2a of Supporting Information S1). A band of lower velocities also occurs beneath the Brooks Range in the
northern Arctic Alaska terrane (Figure 2a) where thicker crust exists (e.g., Gama et al., 2022; Haney et al., 2020;
Miller, O’Driscoll, et al., 2018; Miller, Roeske, & Benowitz, 2018; Zhang et al., 2019).

At a depth of 100 km, a significantly higher Vs mantle, corresponding to the thick lithosphere, is found beneath
the northern Arctic Alaska terrane, in contrast to the lower velocities that characterize the central latitudes to the
south (Figure 2b). Even further south, velocity variations are dominated by high velocities surrounding the zone
of subducting lithosphere (e.g., around the contours marking the top of the slab in Figures 2b and 2c¢), with lower
velocities in adjacent regions that are presumably asthenosphere. At 100 km, Vs is particularly low to the northeast
of the Wrangell Volcanic Field, and beneath southwest Alaska and the Seward Peninsula. At 160 km (Figure 2c),
the localized lowest velocities in eastern Alaska have shifted to a position directly beneath the Wrangell Volcanic
Field, and the highest velocity regions in northern Alaska have expanded southward of the margin of the northern
Arctic Alaska terrane. Additional Vs maps appear in Figure S5 of Supporting Information S1.
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Figure 2. Shear-wave velocity (Vs) at depths of (a) 44 km, (b) 100 km, and (c) 160 km interpolated from the individual Vs
models from the joint inversions. Dark red dashed line marks the southern boundary of the northern Arctic Alaska terrane
(Colpron & Nelson, 2011). (d) Map of locations of the 444 1D inversions. Figures 3 and 4 cross-sections are shown in yellow.
Locations of models in Figure S3 of Supporting Information S1 are shown by pink stars and those in Figure S4 of Supporting
Information S1 by blue stars. Faults (black and gray lines), volcanoes, and slab contours cited in Figure 1. BR: Brooks Range;
SP: Seward Peninsula; WVF: Wrangell Volcanic Field.
At a broad-scale, cross-sections through the Vs model are dominated by the subduction-related structures in the
south and thick lithosphere in northernmost Alaska. A clear low Vs asthenosphere at depths of 50-150 km extends
to the north and west over distances of more than 750 km away from the subducting lithosphere as indicated by
seismicity (Figure 3 and cross-section G in Figure 4). On N-S profiles (Figure 3), this low velocity asthenosphere
terminates where it meets the thick lithosphere beneath the northern Arctic Alaska terrane. Zones of high velocity
surround the dipping seismicity associated with the subducting Pacific lithosphere (cross-sections A, B, C and
G), and a high velocity anomaly is co-located with the dipping seismicity found by Daly et al. (2021) beneath the
Wrangell Volcanic Field (cross-section D), similar to the high velocity features resolved by Berg et al. (2020),
Yang and Gao (2020), and Esteve et al. (2021). However, the Rayleigh wave phase velocities and Sp receiver
GAMA ET AL. 4 of 12
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Figure 3. Vs cross-sections (oriented S-N). Topography from ETOPO (Amante & Eakins, 2009) shown in gray. Red
triangles are volcanoes and black dots are seismicity within 50 km of the cross-section. In profile D-D’, black dots are
Wrangell slab contours (Daly et al., 2021) within 20 km. Dashed vertical lines are major strike-slip faults; Denali and Kobuk
faults are in yellow; NFTB labeled in (c). White dots with error bars are upper plate lithospheric thicknesses (Supporting
Information).
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Figure 4. Vs cross-sections (oriented W-E). Topography, volcanoes, seismicity and strike-slip faults as in Figure 3. White
dots with error bars are upper plate lithospheric thicknesses; values in northern Alaska (profile E) should be interpreted with
care (Supporting Information).
function stacks employed in the inversions for Vs are not ideal for resolving relatively narrow dipping structures
(e.g., Hansen & Schmandt, 2017; Hua, Fischer, Mancinelli, & Bao, 2020) and the shapes of these slab-associated
high velocity anomalies should not be over-interpreted. On cross-sections C (Figure 3) and G (Figure 4), an asthe-
nospheric low velocity zone with a smaller velocity reduction appears beneath the subducting lithosphere. The
Vs model contains a localized region of particularly low asthenospheric velocities beneath the Seward Peninsula,
consistent with the Vs models of Berg et al. (2020) and Gama et al. (2021), and with potential mantle upwelling
suggested by magmas formed by decompression melting on the Seward Peninsula (Andronikov & Mukasa, 2010;
Mukasa et al., 2007).
3.2. Offsets in Lithospheric Thickness Across the Denali Fault
The prominent south-to-north increase in shallow Vs across the Denali fault system (seen at 44 km depth in
Figure 2a) reflects a gradient in the thickness and velocity of the mantle lithosphere, as well as crustal structure.
For example, as shown in cross-section A (Figure 3), the Denali fault lies at the southern edge of the upper plate
lithosphere that is thicker (>65 km) and has a significantly higher velocity than the lithosphere to the south (See
GAMA ET AL. 6 of 12
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Supporting Information for lithospheric thickness estimation). This gradient is also seen in the individual Vs
versus depth models obtained from the inversions (Figure S4 of Supporting Information S1). Elsewhere, the
Denali fault is located at the southern edge of thicker and higher Vs upper plate lithosphere (cross-section B in
Figure 3) or at the toe of a wedge of higher Vs upper plate mantle (cross-section D in Figure 3). As the excep-
tion that proves the rule, the central segment of the Denali fault (cross-section C in Figure 3) lies south of the
southern margin of thickening upper plate lithosphere. However, at this longitude, active deformation continues
further north, both on the transpressive Hines Creek fault system and the Northern Foothills Thrust Belt, as
inferred by Benowitz et al. (2022) (Figures 1b and 3c), reaching the latitude where the upper plate thickens and
mantle velocities increase to ~4.5 km/s. Possible reductions in upper plate thickness associated with other major
strike-slip faults also appear in the Vs model, for example, at the Kultag and Kobuk faults in cross-section A
(Figure 3). However, unlike the Denali fault, these spatial relationships are not consistently observed along fault
strikes.

The horizontal resolution of Vs in the model is sufficient to capture variations across major fault systems.
For example, the gradients in lithospheric thickness and velocity across the Denali and Hines Creek faults on
cross-sections A-D (Figure 3) are resolved at scales of ~60 km. Resolution is determined by the spacing of the
individual 1D inversions for Vs (50-55 km), and the lateral resolution of the Rayleigh wave phase velocities; at
the periods that are most sensitive to depths of 40—60 km, the latter is on the order of 60 km where station spacing
is 60 km or less (as it is across the Denali fault on cross-sections A-D), and at the scale of station spacing else-
where. Sp phases from 40 to 60 km depths can resolve lateral variations at scales of ~60 km, or even less (Lekic
et al., 2011; Lekic & Fischer, 2017).

The observed variations in the thickness and velocity of the upper plate mantle lithosphere across the Denali
fault and Hines Creek fault/Northern Foothills Thrust Belt are spatially correlated (at distances of <50 km) with
the -changes in Moho depth and velocity across these faults found in prior studies (Allam et al., 2017; Brennan
etal., 2011; Gama et al., 2022; Haney et al., 2020; Mann et al., 2022; Martin-Short et al., 2018; Miller, O’ Driscoll,
et al., 2018; Rossi et al., 2006; Veenstra et al., 2006; Ward, 2015). In addition, the northward decrease in crustal
thickness noted at the Hines Creek Fault in prior studies (e.g., Allam et al., 2017; Martin-Short et al., 2018;
Miller, O’Driscoll, et al., 2018; Miller, Roeske, & Benowitz, 2018; Rossi et al., 2006) is also evident in the
Vs model (cross-section C, Figure 3). However, in contrast to prior work which focuses on gradients in crustal
structure, the results of this study show that the structural gradients across Denali and Hines Creek faults extend
through the entire thickness of the upper plate mantle (Figure 3, Figure S4 of Supporting Information S1). While
O’Diriscoll and Miller (2015) suggested the possibility of a lithospheric thickness change across the Denali fault
in one interpretation of their Sp CCP stack (which pre-dated data from the EarthScope Transportable Array), their
inferred lithospheric thicknesses significantly differ from the results of this study.

The spatial correlation of the Denali fault (or the Hines Creek plus Northern Foothills Thrust Belt in the central
Denali segment), with the southern edge of thicker, higher velocity upper plate lithosphere supports the view that
transpressive deformation localizes at gradients in the strength of the upper plate mantle. In particular, the higher
velocities in the thicker lithosphere to the north of the deformation zone are consistent with colder temperatures
and higher mantle viscosities (e.g., Hirth & Kohlstedt, 2003). The presence of this “backstop” of thicker, more
viscous mantle helps to explain the stability of Denali fault curvature, which has remained relatively constant over
timescales of ~45 My (Benowitz et al., 2022).

What physical processes explain the localization of transpressive deformation at the edge of the thicker, stronger
lithosphere? Numerical models of mantle deformation demonstrate the tendency for strain to localize at the
margins of high viscosity mantle (Dayem et al., 2009; Molnar & Dayem, 2010). Localization of mantle deforma-
tion may be further enhanced by intrinsic weakness in the mantle of the Denali and Hines Creek fault systems,
both of which are reactivated Mesozoic suture zones (Benowitz et al., 2022), by feedback mechanisms in which
continued strain reduces mantle strength such as shear heating (Dayem et al., 2009; Regenauer-Lieb et al., 2015;
Willis et al., 2019) and/or damage rheologies (Bercovici & Ricard, 2012; Regenauer-Lieb et al., 2015), or by
the concentration of upward propagating magmas within the Denali and Hines Creek suture zones (Benowitz
etal., 2022).
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3.3. Steep Margin to Thick Lithosphere Beneath Northern Alaska

The thickest (>150 km) and highest velocity upper plate lithosphere in Alaska lies beneath the northern Arctic
Alaska terrane (Figure 3, cross-sections A-C), which is broadly consistent with evidence for thick lithosphere
in this region in prior work (O’Driscoll & Miller, 2015; Martin-Short et al., 2018; Jiang et al., 2018; Feng &
Ritzwoller, 2019; Berg et al., 2020; Gama et al., 2021). The maximum velocities in the northern Arctic Alaska
terrane mantle (>4.6 km/s, e.g., Figure S3 of Supporting Information S1) are comparable to some cratonic
mantles, in that they overlap the globally averaged velocity in the mantle velocity beneath late Proterozoic crust
(French & Romanowicz, 2014).

Based on its elevated Vs values and thickness, the lithosphere beneath the portion of the northern Arctic Alaska
terrane imaged in this study likely contains relatively cold mantle. While higher Mg# or other variations in bulk
chemistry (e.g., Dalton & Faul, 2010; Garber et al., 2018) may also contribute to increasing Vs, the inference of
lower mantle temperature is corroborated by low heat flow relative to the rest of Alaska in the northern Arctic
Alaska terrane (with the exception of its northernmost tip which is not included in our model) (Batir et al., 2016).
The higher viscosities expected for lower temperatures, in combination with distance from subduction in the
south, help to explain the low degree of deformation internal to the northern Arctic Alaska terrane shown by
geodetic and fault slip data (e.g., Elliott & Freymueller, 2020; Finzel et al., 2015; McConeghy et al., 2022), in
contrast to much higher strain rates in the thinner and more deformable lithosphere to the south.

Another striking result is the steep southern margins of some of the highest velocity zones of mantle lithosphere
(e.g., cross-section A at ~67.5°N, Figure 3). If these steep margins are old, for example, dating from the time of
terrane accretion from the south, which varies from 55 Ma to more than 100 Ma based on different plate accre-
tion models (Clennett et al., 2020; Johnston, 2001; Miiller et al., 2019; Plafker & Berg, 1994), then geodynamic
models (Currie & van Wijk, 2016) indicate that the mantle lithosphere must be chemically depleted and rheolog-
ically strong to have maintained this shape. Alternatively, the steep southern boundary could have been created
more recently, perhaps by lithospheric foundering, as suggested at the western margin of the Canadian cratonic
mantle at latitudes of 50°N-55°N (Bao et al., 2014). More speculatively, the velocity models may in fact show
the presence of foundered fragments of the lithosphere at the southern margin of the northern Arctic-Alaska
terrane. The clearest of these potential fragments dips to the south beneath the southern edge of the thick north-
ern lithosphere (at 67°N in cross-section A, Figure 3, and found just north of the Kobuk fault in Figure 2c) and
has an along-strike dimension of ~150 km. To explain a similarly near-vertical margin to the Canadian cratonic
mantle lithosphere at latitudes of 60°N-65°N (the MacKenzie craton) Esteve et al. (2020, 2021) proposed that
the Tintina fault cut through the cratonic mantle lithosphere and transported a fragment of the thick lithosphere
to the northwest. However, in the case of the northern Arctic Alaska terrane, while the Kobuk fault system lies
only ~80 km south of the steep southern face of the thick lithosphere (cross-section A, Figure 3), its (right-lateral)
strike-slip displacement is too small (~80 km) (Avé Lallement et al., 1998) to have created such a lithospheric
margin. Instead, the strength gradient between the thick lithosphere to the north and the thinner lithosphere to
the south may have played a role in the continued localization of deformation (Avé Lallement et al., 1998) on the
Kobuk fault system over time.

4. Conclusions

Using data from the Earthscope Transportable Array and other temporary and permanent stations, joint inversion
of a Sp common conversion point stack and fundamental mode Rayleigh wave phase velocities from ambi-
ent noise and earthquakes have provided a new shear wave velocity model for Alaska. Key features include a
well-defined low velocity asthenosphere that extends from the high velocity subducting lithosphere in the south
all the way to the Seward Peninsula and to the southern margin of the thick lithosphere beneath the northern
Arctic Alaska terrane.

The Denali fault system coincides with a clear northward increase in upper plate lithospheric thickness and
velocity. This gradient closely matches the main Denali fault trace except in the central segment of the Denali
system where lithospheric thickening correlates better with the Northern Foothills Thrust Belt, the northern limit
of Denali-fault-related deformation. This correlation supports the view that transpressive deformation tends to
localize at the margins of the thicker, higher-strength lithosphere.
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The thick lithosphere beneath the northern Arctic Alaska terrane has velocities comparable to the late Protero-
zoic cratonic mantle globally, consistent with low temperatures and high viscosity. This gradient in lithospheric
strength could have enhanced the localization of deformation on the Kobuk fault system. High-velocity anomalies
in the mantle at the foot of the thick northern lithosphere at depths of ~160 km are consistent with lithospheric
foundering playing a role in creating its steep southern face.

This study demonstrates that the Denali fault system, and possibly the Kobuk fault, should be counted among
the global tally of continental strike-slip faults that are correlated with offsets in lithospheric thickness, adding
evidence for feedback between trans-lithospheric strength heterogeneity and the localization of shallow crustal
deformation.
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