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The present-day lithospheric structure of Alaska is the result of a unique tectonic history of subduction 
and terrane accretion that controls upper plate thickness and rheology. To provide new constraints on 
the structure of the crust and upper mantle beneath Alaska, we jointly inverted Sp receiver functions 
and Rayleigh wave phase velocities to calculate shear-wave velocity profiles. Robust Sp receiver functions 
were obtained using a broad range of frequencies (2–100 s), time-domain deconvolution, and K-means 
cluster analysis. Tests of the Bayesian joint inversion with synthetic data illustrate that Sp receiver 
functions enhance the resolution of the velocity gradients at the Moho and the lithosphere-asthenosphere 
boundary, while Rayleigh surface waves provide information about absolute velocities. Our results show 
that in central Alaska, above the shallow slab, the continental lithosphere is thinnest (∼60 km) and the 
asthenosphere has its lowest velocities. This zone coincides with the Denali Volcanic Gap. The continental 
lithosphere thickens to the north beneath the Brooks Range and the northern Arctic Alaska terrane, 
reaching values of 110 to 130 km, with high lithospheric velocities that are comparable to Archean 
cratons. This pattern is consistent with a northward decrease in upper plate modification by melt and 
volatiles derived from the slab, in addition to intrinsic mantle velocity and viscosity differences between 
inherited lithospheric terranes. Lithospheric and asthenospheric velocities are not significantly different 
inside and outside of the Denali Volcanic Gap, but at the boundaries of this region lithospheric thickness 
increases rapidly to the north and gradually to the south. In the south, the subducting Yakutat plate is 
thicker (∼100–120 km) than the subducting Pacific plate (∼80–90 km), likely due to its thicker crust.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Subduction of the Pacific plate and Yakutat microplate beneath 
the North American and Bering plates deforms southern Alaskan 
lithosphere, uplifting mountain ranges such as the Alaska Range 
(e.g. Jadamec et al., 2013; Finzel et al., 2015) (Fig. 1). In contrast, 
the lithosphere in northernmost Alaska has been hypothesized to 
be thicker, stronger and less deformable (e.g. O’Driscoll and Miller, 
2015; Finzel et al., 2015). However, uncertainty remains about how 
the transition between these domains is reflected in continental 
lithospheric structure and about the role of subduction in modi-
fying the upper plate (e.g. Rondenay et al., 2010). In this study, 
through joint inversion of surface wave and converted body wave 
(Sp) data, we obtained new constraints on the seismic velocity 
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structure of the crust and mantle of Alaska in order to better un-
derstand the relationship of subduction and the upper plate man-
tle.

1.1. Alaskan subduction and terrane accretion

The North American plate in Alaska is a complex mosaic of ac-
creted terranes (e.g. Colpron et al., 2007; Fuis et al., 2008; Colpron 
and Nelson, 2011) (Fig. 1b). At the southern margin of Alaska, the 
Yakutat terrane is a subducting oceanic plateau with anomalous 
thick crust (e.g., Fuis et al., 2008; Christeson et al., 2013), while the 
subducting plate to its west is normal Pacific oceanic lithosphere. 
Following Colpron et al. (2007) and Colpron and Nelson (2011), the 
terranes in Alaska and neighboring Canada can be categorized into 
four major groups (Fig. 1b): i) the lithosphere of ancestral North 
America, including both the craton and continental margin of Lau-
rentia; ii) peri-Laurentian terranes that largely represent Devonian 
to Jurassic arcs formed at the margin of ancestral North America; 
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Fig. 1. (a) Regional setting of Alaska plotted on ETOPO1 topography (Amante and Eakins, 2009). Labels with yellow background are: BR = Brooks Range; SP = Seward 
Peninsula; AP = Alaska Peninsula; and KP = Kenai Peninsula; and labels with red background are: Wrangell Volcanic Field (WVF) and Denali Volcanic Gap (DVG), also 
marked with the red dashed line. In both figures, red inverted triangles represent the stations employed in this paper with their names (black text) and white triangles 
are volcanoes (avo.alaska.edu). Grey continuous lines mark seismicity contours from (Hayes et al., 2018) except near the WVF where they are from Kiara Daly, personal 
communication, 2020. The trench is shown as the black line with ticks. Small red arrows in the northwest and southeast of the map indicate the direction of plate motion in 
the no-net rotation reference frame (Argus et al., 2011); rates are 45 mm/yr for the Pacific plate, and 23 mm/yr for the North American plate. (b) Tectonic terranes (Colpron 
et al., 2007; Colpron and Nelson, 2011). Black thick lines are major faults. Red line highlights the bounds of subducted Yakutat crust based on Eberhart-Phillips et al. (2006)
as well as the unsubducted Yakutat terrane. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
iii) the Neoproterozoic to Jurassic Northern Alaska and Insular Ter-
ranes, which did not derive from the western margin of Laurentia, 
but instead from other continents, or possibly from further east in 
Laurentia in the case of the northern portion of the Arctic Alaska 
terrane that contains much of the Brooks Range; and iv) the Late 
Accreted terranes that docked in the late Mesozoic to Cenozoic and 
include the Yakutat. The various tectonic origins of these terranes 
likely produced lithosphere with different thicknesses and internal 
properties, and these properties in turn influence the evolution of 
the lithospheric blocks.

1.2. Prior seismic studies in Alaska

Numerous previous studies have imaged the crust and mantle 
structure of Alaska using receiver functions (RFs) (e.g., O’Driscoll 
and Miller, 2015; Rondenay et al., 2010; Kim et al., 2014; Miller et 
al., 2018; Zhang et al., 2019), surface wave tomography (e.g., Wang 
and Tape, 2014; Jiang et al., 2018; Feng and Ritzwoller, 2019), 
body wave tomography (e.g., Eberhart-Phillips et al., 2006), and 
SKS splitting (e.g., Venereau et al., 2019; McPherson et al., 2020). 
Some have combined multiple datatypes that include Ps receiver 
function data to provide additional constraints on crustal proper-
ties within the tomographic inversions (e.g., Ward and Lin, 2018; 
Martin-Short et al., 2018; Berg et al., 2020). However, to date, none 
have utilized data capable of capturing mantle velocity discontinu-
ities at high resolution.

In this study we incorporate Sp phases (in the form of Sp 
receiver functions), ambient noise, and earthquake-based surface 
waves in a Bayesian approach (Eilon et al., 2018) to solve for crust 
and mantle structure in Alaska. To our knowledge, this study is the 
first to combine these types of data in Alaska. With the resulting 
shear-wave velocity models, we addressed four questions: (1) How 
do upper plate properties relate to the position of the subducting 
slab and terrane boundaries? (2) How far north does the influence 
of subduction extend? (3) How do mantle wedge properties relate 
to volcanism? (4) What differences are observed between the sub-
ducting Pacific plate and thick Yakutat microplate lithospheres?
2

2. Method

We incorporated seismic data types that offer complementary 
information in the joint inversion. To constrain absolute veloci-
ties, we used fundamental mode Rayleigh wave phase velocities 
measured from ambient noise and teleseismic earthquakes be-
tween periods of 5 and 140 s. To enhance resolution of velocity 
gradients, in the mantle in particular, but also at the Moho, we 
used Sp converted phases. Analysis of Sp conversion sensitivity 
kernels demonstrates these phases are particularly effective at re-
solving velocity gradients with near-horizontal dips, such as the 
lithosphere-asthenosphere boundary (LAB) (Hua et al., 2020). Be-
cause of the respective strengths of the Sp and surface wave data, 
the resulting shear-wave velocity profiles contain new information 
on the depth of the LAB, as well as the average velocity of the 
lithosphere and the minimum velocities in the asthenosphere.

2.1. Body wave receiver functions

We employed Sp RFs (SV deconvolved from P) in the joint in-
versions with the primary goal of enhancing the vertical resolution 
of mantle velocity gradients. Clear Sp RFs are easier to interpret at 
mantle depths compared to Ps because converted Sp phases ar-
rive before the direct S wave, thus avoiding complications due to 
crustal reverberations that can occur with Ps RFs (e.g., Eilon et al., 
2018). However, we also calculated Ps RFs (P deconvolved from S) 
to verify that Moho depths from Sp and Ps receiver function stacks 
are consistent (Fig. S1). One challenge with Sp RFs is that they of-
ten have lower signal-to-noise ratios compared to Ps. To improve 
signal-to-noise ratios in receiver function stacks, we objectively se-
lected RFs using K-means cluster analysis. To avoid artifacts such 
as side lobes when calculating RFs, we employed both a wide-band 
filter (2–100 s) that minimizes the introduction of spectral ringing 
and time-domain deconvolution. The supplemental material con-
tains more detailed discussion of the steps involved in the receiver 
function calculation.

We analyzed body wave data recorded at 31 permanent sta-
tions from the Alaska Regional Seismic Network (AK, doi:https://

https://doi.org/10.7914/SN/AK
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doi .org /10 .7914 /SN /AK), the IRIS Global Seismograph Network (IU, 
doi:https://doi .org /10 .7914 /SN /IU), and the USGS Advanced Na-
tional Seismic System (US, doi:https://doi .org /10 .7914 /SN /US). We 
selected stations that had been recording data for over six years 
to ensure large numbers of body wave arrivals and therefore 
high-quality receiver function stacks. For additional sampling in 
northern Alaska, we also analyzed data from station D19K from 
the NSF EarthScope Transportable Array (TA, doi:https://doi .org /10 .
7914 /SN /TA). The data from D19K indicate the promise of TA data 
for this type of joint inversion. However, because initial Sp receiver 
functions at a number of other TA stations had lower signal-to-
noise ratios, joint inversions involving data from all Alaska TA sta-
tions are planned for the future when more events will have been 
recorded.

The waveforms in this study represent events with Mw > 5.7, 
depths <100 km, and epicentral distances of 55◦–80◦ for Sp 
(and 35◦–80◦ for the Ps examples shown in the supplement). 
We grouped Sp and Ps phases into geographic clusters over 30◦
of back-azimuth. The resulting stacks of receiver functions for 
these back-azimuthal slices represent average velocity structure 
over more limited geographical regions than would a stack for all 
back-azimuths, resulting in better lateral resolution of shear-wave 
velocity structure when the receiver function stacks are incorpo-
rated in the joint inversion. The distribution of back-azimuths is 
dominated by two groups, 220–250◦ (southeast Pacific events) and 
250–280◦ (north and northwest Pacific events).

Examples of Sp RFs (Fig. 2 and Fig. S1) reveal a clear phase 
from a velocity increase in the time range expected for the Moho 
conversion (3–6 s), and another phase from a negative velocity gra-
dient in the time range predicted for a conversion at the transition 
between lithosphere and asthenosphere (6–12 s). The example RF 
stacks in Fig. 2 are migrated to depth with the SEMum2 model 
(French et al., 2013) to illustrate observed phase depths, and RFs 
are shown both in time and depth in Fig. S1. When used in the in-
version, the RFs are treated as functions of time. The times/depths 
of the potential LAB velocity gradients vary geographically, with 
phase peaks (which approximate gradient mid-point depths) rang-
ing from 60 km to 120 km assuming the SEMum2 model for mi-
gration (French et al., 2013).

2.2. Surface wave phase velocities

We used fundamental mode Rayleigh wave phase velocities for 
Alaska obtained from ambient noise and earthquake sources. For 
Rayleigh waves generated by earthquakes, we followed the ap-
proach used by Babikoff and Dalton (2019). Travel times in the 
period range of 25–140 s were measured with interstation cross-
correlation using the Automated Shear Wave Measurement System 
(Jin and Gaherty, 2015), and phase-velocity maps were determined 
with the Eikonal wavefront-tracking approach (Lin et al., 2009). 
For the joint inversions we also incorporated ambient noise phase 
velocities for periods from 5 to 25 s, following the approach of Ek-
ström et al. (2009).

Rayleigh wave phase velocity maps (Fig. 3) reveal distinct re-
gional variations. At periods of 25 s, where sensitivity is primarily 
within the crust, the lowest velocities occur beneath volcanically 
active regions in southern Alaska and the Brooks Range in northern 
Alaska. At longer periods, higher velocities occur in the vicinity of 
the northwest-dipping subducting lithosphere as well as in north-
ern Alaska.

2.3. Bayesian joint inversion

We employed a transdimensional hierarchical Bayesian ap-
proach to determine robust and smooth 1D shear-wave velocity 
models beneath each station using a modified version of the 
3

framework developed by Eilon et al. (2018). In each iteration, 
we created a synthetic Earth velocity profile, predicted the cor-
responding Sp converted phases and Rayleigh wave dispersion 
curves, and calculated the misfits of these predictions relative to 
the observed Sp RFs and Rayleigh wave phase velocities. A Monte 
Carlo Markov Chain (MCMC) search probed the model parame-
ter space by randomly perturbing model parameters, and using a 
Metropolis Hastings criterion (e.g. Hastings, 1970), models were 
accepted if their misfits were lower than in the previous iteration, 
but models with higher misfits were also accepted with a proba-
bility that declined with increasing misfit. This approach created 
an ensemble of models within acceptable misfit levels. These steps 
are explained in the following sections.

2.3.1. Model parameterization
We parameterized our models with adaptive discontinuous cu-

bic B-spline functions, one set for the crust and one set for the 
mantle, to capture both smooth and sharp velocity variations. We 
solved for the isotropic velocity coefficients for each spline, the 
number and depth of spline knots, the depth and velocity contrast 
at the Moho, and hyperparameters that describe the relative un-
certainties of the different data types. In the mantle, both negative 
and positive shear-wave velocity gradients were allowed, but in 
the crust only models with positive shear-wave velocity gradients 
were accepted. This latter constraint does not significantly alter 
the shear-wave velocity profiles in most cases, in part because the 
Sp receiver functions typically do not contain crustal phases that 
correspond to negative velocity gradients. Nodes were allowed to 
increase in number for depths up to 200 km to enable the resolu-
tion of sharper velocity gradients, but adjacent spline knots could 
not be closer than 3 km. A single value of Vp/Vs in the crust was 
a free parameter, but we fixed this value in the mantle at each 
depth following the AK135 reference model (Kennett et al., 1995). 
The ratio of density to Vs in the crust was defined after Brocher 
(2005) and in the mantle after Abers and Hacker (2016).

2.3.2. Forward modeling
To calculate synthetic Sp phases for each model, we generated 

synthetic waveforms using the propagator matrix algorithm (Keith 
and Crampin, 1977). A dominant source period of 2 s and a ray pa-
rameter equal to the mean ray parameter of the stacked Sp phases 
were assumed. The synthetic data were processed in a manner 
that was identical to that applied to individual traces in the real 
data, resulting in filtered P and SV components. In practice, the 
final step of deconvolving the SV component from the P compo-
nent was omitted for the synthetics to improved computational 
efficiency. This choice does not bias the inversions (Figs. S2 and 
S3). The timing and relative amplitudes of the phases in the non-
deconvolved synthetics are identical to those after deconvolution. 
Thus, omitting deconvolution from the synthetics only eliminates 
what amounts to a filtering operation. The effects of including de-
convolution in the observed data processing are discussed further 
in Section 2.4.

The synthetic P and SV components typically have greater short 
period content than the observed Sp RFs, but this is accounted 
for by the form of the body wave misfit function employed in the 
inversion. This misfit function, �Sp(m), is defined as:

�Sp(m) = ∥∥[
Pp(t,m) ∗ SVauto(t)

] − [
SVp(t,m) ∗ SpRF(t)

]∥∥2

where Pp and SVp are the predicted P and SV components, SpRF 
is the stack of observed Sp receiver functions, and SVauto is the 
stack of the auto-deconvolved observed SV time series. Both terms 
in the misfit function contain cross-convolutions of observed and 
synthetic data, thus removing the need for observed and synthetic 
data to have the same period content. When calculating misfit, 
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Fig. 2. Examples of Sp receiver function stacks. Colored regions show the median of weighted individual receiver functions; grey shading shows one standard deviation 
uncertainties. Sp receiver functions were flipped to have the same polarity as Ps. Mean distance (�) of the events, number of events, and mean back-azimuth (ϕ) appear 
above each panel. Stations are shown from southern (upper left) to northern Alaska (lower right). Positive (red) phases in the 30–40 km depth range correspond to the 
Moho; negative (blue) phases in the shallow upper mantle are potential LAB phases. Receiver functions in this figure were migrated to depth with the SEMum2 velocity 
model (French et al., 2013).
we used a −36 to −1 s range (note reversed time window with 
0 s being the S arrival) that contained the Moho and LAB phases 
for Sp. We normalized the amplitudes of the Moho phases in the 
observed Sp receiver function and the predicted SV waveforms 
to 1. The contribution of each point in time to the misfit was 
weighted by empirically determined bootstrap errors for the ob-
served RFs.

We calculated synthetic fundamental-mode Rayleigh wave 
phase velocities using the Mineos algorithm from Computational 
Infrastructure for Geodynamics (Masters et al., 2011). Because Mi-
neos requires 1-D Earth models over the full radius of the Earth, 
the velocity models used for the forward calculation of Rayleigh 
4

wave phase velocities included the model being tested in the 
0–300 km depth range, and the PREM model (Dziewonski and An-
derson, 1981) from 400 km to the center of the Earth, with a 
gradient between the two models in the 300–400 km depth range. 
To optimize running time, we avoided directly calculating phase 
velocities from Mineos at each iteration. Instead, at each period in 
the data, we calculated perturbation kernels for Vp, Vs and den-
sity, all varying with depth. Perturbations in phase velocity were 
then determined by integrating the kernels with velocity and den-
sity perturbations over depth. Kernels were updated when changes 
in model parameters were sufficiently large. Eilon et al. (2018) de-
scribe thresholds and tests of this process in detail.
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Fig. 3. Rayleigh wave phase velocity maps with absolute velocities (km/s) for periods of 25 s, 50 s, 100 s, and 140 s. Pixels are shown only if more than 120 measurements 
contributed to the median phase velocity at that location for periods of 50 s, 100 s, and 140 s. Stations used in calculating phase velocities are shown by small black squares 
in the 50-s map. Seismicity contours and volcanoes are plotted as in Fig. 1.
The surface wave misfit function is defined as:

�sw = ∥∥C( f ) − cp( f ,m)
∥∥2

where C and cp are observed and predicted phase velocities for 
each frequency, respectively.

2.3.3. Inversion
We evaluated each candidate model using the posterior proba-

bility p(m|dobs):

p(m | dobs) ∝ p(m) × p(dobs |m)

where p(m) is the prior probability for a given model parame-
ter and p(di |m) is the likelihood function. The prior distributions 
for all parameters were determined empirically (Eilon et al., 2018), 
approximately uniform, and circumscribed by bounds given in Ta-
ble S1. The likelihood function is defined as:

p(di |m) = 1√
(2πσi)

n
× exp

(−φi

2σ 2
i

)

where φi is the misfit for each data type described in Section 2.2, 
and σi is the data error hyperparameter that controls the relative 
weights of the misfits for each data type. The degrees of freedom, 
n, for surface waves are the number of frequencies in the disper-
sion curves. For body waves, we estimated the degrees of freedom 
5

by using the first zero-crossing of the data auto-correlation func-
tion. We measured the total likelihood function for a given model 
as the product of likelihoods for both of the two data types.

p(dobs |m) = p(dSp |m)p(dSW |m)

We searched the parameter space using a Monte Carlo Markov 
Chain (MCMC) approach (e.g., Mosegaard and Tarantola, 1995) run 
on six independent parallel chains. Each chain was initiated with 
a model whose parameters were randomly selected from the prior 
distributions (p(m)) (Table S1). The models tested in subsequent 
iterations were obtained by perturbing a single model parameter 
by a random value drawn from a Gaussian distribution. Probabili-
ties for perturbing a given parameter type appear in Table S1. Each 
chain contained twenty thousand iterations. The first eight thou-
sand iterations represented a burn-in period with a rapid increase 
in likelihood and decrease in misfit. These iterations included a 
decaying “thermal parameter” that multiplied the standard devi-
ation of the Gaussian distribution from which parameter pertur-
bations were drawn, increasing parameter variations early in the 
chain and avoiding confinement of the search within local min-
ima (Eilon et al., 2018). The thermal parameter also multiplied 
the likelihood that a model would be accepted, enhancing model 
acceptance early in the chain. In each iteration, we accepted or 
rejected models using a Metropolis-Hastings acceptance criterion 
(Hastings, 1970). In the burn-in period, models were not saved 
to the final ensemble. After the burn-in period, likelihood values 
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Fig. 4. (a) Schematic of velocity structure used in synthetic test of inversion with a sharp change in velocity at the Moho and a gradual decrease in velocity in the LAB. (b–d) 
The posterior probability of tests performed (colors) and the Vs model used to generate synthetic data (black). (b) Inversion of surface waves only; (c) surface waves and Sp 
without deconvolution; and (d) surface waves and Sp with deconvolution.
were high and steady, and we saved the accepted models every 
30 iterations. We summed the posterior distribution from all ac-
cepted chains to form a final probability distribution. The final 
velocity model was defined as the median shear-wave velocity at 
each depth, and crustal Vp/Vs and Moho depth were defined by 
their median values. Median values were chosen to reduce the in-
fluence of outlier accepted models. Uncertainties were represented 
by 95th and 68th percentile values.

2.4. Tests with synthetic data

In earlier applications of a similar inversion procedure (Eilon 
et al., 2018), stacks of P and SV waveforms (without deconvo-
lution) were employed, in contrast to the Sp RFs used here. To 
evaluate the impact of adding deconvolution with the observed 
waveforms, we conducted inversions with synthetic data both with 
and without deconvolution. For an input velocity model that re-
sembles some of the inversion results we obtained for stations in 
northern Alaska (e.g. the black line in Fig. 4) synthetic waveforms 
were calculated with the same propagator matrix method used in 
the forward calculation steps of the inversion (Keith and Crampin, 
1977). Synthetic waveforms were converted to P and SV compo-
nents, and then to Sp RFs and auto-deconvolved SV components, 
using the same procedures that were applied to the real data (Sec-
tion 2.1). Before deconvolving we added white Gaussian noise with 
constant standard deviation of σ = 0.02 to the synthetics. Funda-
mental mode Rayleigh wave phase velocities were calculated for 
the input velocity model using Mineos (Masters et al., 2011) with 
Gaussian noise standard deviation of σ = 0.01. The synthetic data 
were inverted using the process described in Section 2.3.

The inversion with only synthetic surface wave phase veloci-
ties produces a Vs model probability distribution (colors in Fig. 4b) 
where the most likely models have absolute velocities that are 
similar to the input model, but the velocity increase at the Moho 
is not captured accurately, resulting in over-estimation of Vs in the 
shallow mantle lithosphere. In addition, the LAB velocity gradient 
6

that lies at depths of 130 km to 160 km in the input model is not 
captured, and instead Vs gradually decreases from approximately 
75 km to 175 km.

In contrast, when Sp phase information is added to the inver-
sions (Fig. 4c and 4d), the depths and velocity gradients at the 
Moho and LAB are well-resolved, highlighting the importance of 
the Sp data for constraining these boundaries. In the case where 
Sp RFs represent observed P phases, and the auto-deconvolved 
SV components represent observed SV phases, the resulting dis-
tribution of velocities at mantle depths close to the LAB gradient 
match the input model better (Fig. 4d) than in the case without 
deconvolution (Fig. 4c). This difference is likely due to the addi-
tional filtering introduced by the deconvolution operation. While 
the Gaussian noise in the non-deconvolved P and SV components 
creates greater possibilities for spurious phases to be fit by mod-
els that diverge from the input structure, this noise was largely 
removed in the deconvolution operation. Despite the differences 
in the frequency content of the deconvolved “data” and the non-
deconvolved predicted waveforms used in the inversion in Fig. 4d, 
the cross-convolution misfit calculation enables good resolution of 
the input model. Diagnostics from the inversions with the decon-
volved synthetic data and the other cases indicate the stability and 
accuracy of the inversion process (Figs. S2–S4). Inversions with Sp 
data without surface waves, which are shown in Eilon et al. (2018)
but not in this paper, resolve velocity gradients at depths similar to 
those in the input model, but fail to accurately constrain absolute 
Vs.

3. Results

3.1. Measuring properties of the lithosphere and asthenosphere

In the shear-wave velocity models obtained by taking the mean 
of the models accepted in the Bayesian joint inversion, the Moho 
discontinuity is marked by a sharp increase in velocity. At mantle 
depths, we typically observe a layer with higher velocities, which 
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we interpret as the mantle lithosphere, over a lower velocity layer 
which is consistent with the asthenosphere. In many cases, a sec-
ond local maximum in velocity occurs at depths of 150 km to 
250 km (Fig. 6).

We measured several properties that characterize the litho-
sphere and asthenosphere from the Vs profiles (Fig. 6): (i) the 
thickness of the lithosphere, (ii) the depth of the crust-mantle 
boundary or Moho, (iii) the average velocity in the lithosphere 
and (iv) the minimum velocity in the asthenosphere. To capture 
variations in the depth of the negative velocity gradient from litho-
sphere to asthenosphere, we defined the thickness of the litho-
sphere (i.e. LAB depth) as the mid-point between the maximum 
velocity in the mantle lithosphere (measured at depths starting 
10 km below the Moho) to the next velocity minimum, as marked 
in Fig. 6 by the grey dashed line and red squares, respectively. LAB 
depth uncertainties correspond to 25% of this measurement depth 
range. LAB depths measured from the joint inversion shear-wave 
velocity in many cases differ from the depths of LAB phase peaks 
on the Sp RFs shown in Fig. 2 and Fig. S1, although their uncer-
tainty ranges overlap. These discrepancies are expected, because 
the Sp RFs in these figures were migrated with the SEMum2 model 
(French et al., 2013) which differs from the results of the joint in-
version, and because predicted Sp phase depths are influenced by 
the shape of a velocity gradient and will not necessarily lie exactly 
at its mid-point depth.

We defined the minimum velocity in the asthenosphere as the 
average within 5 km of the velocity minimum. Moho depths were 
determined as a parameter in the inversion as explained in Sec-
tion 2.3.1, with 2σ error bounds, and are characterized by a large 
positive velocity jump in the Vs profiles, as seen in Figs. 4 and 6. 
We calculated the average velocity in the lithosphere by taking the 
mean of the velocities in the profile between the Moho and the 
determined LAB depths. Moho, lithosphere, and asthenosphere pa-
rameter values for each station appear in Table S2.

3.2. Regional patterns in shear-wave velocity

Our shear-wave velocity profiles and the parameters measured 
from them show distinct regional patterns. In this section, we de-
scribe observed patterns in all parameters and compare Moho and 
LAB depths to previous converted wave and active source studies. 
Further discussion of the parameter patterns and their origins ap-
pears in Section 4.

Moho depths vary significantly across the region (Fig. 7a). In 
central Alaska, at the northern edge of the subducting slab, the 
crust is relatively thin (<30 km) with the exception of one station, 
and its thickness increases modestly to the north and east, for ex-
ample reaching values of 30 to 35 km beneath the Brooks Range. 
This northward thickening is consistent with active source stud-
ies (e.g. Fuis et al., 2008). Apparent Moho depths are 35 to 40 km 
where the Yakutat block is thought to have subducted (red outline, 
Fig. 7a; Fuis et al., 2008), with the exception of the two southeast-
ern stations (AK.WAX, AK.SUCK) which have very shallow Moho 
depths. Beneath the southern Kenai peninsula, stations AK.BRLK 
and AK.CNP indicate relatively thick crust (35 km to 42 km), al-
though they lie outside the limits of thick Yakutat crust as con-
strained by offshore active source data (Fuis et al., 2008). Finally, 
the crust is thin (∼25 km) beneath the Alaska Peninsula in the 
southwest where the Pacific plate is subducting.

The overall pattern of crustal thickness obtained in the inver-
sions is similar to the large-scale variations in crustal thickness 
obtained with Ps phases in Zhang et al. (2019) and Miller et al. 
(2018). For 18 of the 26 stations with crustal thickness values in 
this study and in Zhang et al. (2019), or 20 of the 28 stations in 
this study and Miller et al. (2018), our Moho depths are within 
5 km of the values in the other studies, taking into account our 
7

Fig. 5. Map of LAB depths shown by colored points plotted at phase conversion 
points. Black dots are station locations. Seismicity contours and volcanoes are plot-
ted as in Fig. 1. Yakutat block is outlined in red. Thick black lines show cross-
sections in Fig. 8 and labels highlight the stations with Vs profiles plotted in Fig. 6.

uncertainties. At the other stations, the crustal thicknesses in this 
study are smaller, with one exception. The average absolute dif-
ference between our Moho depths (including their uncertainties) 
and those from Zhang et al. (2019) is 3.5 km ± 3.3 km (one stan-
dard deviation), and between our results and Miller et al. (2018)
the average absolute difference is 4.2 km ± 5.1 km. These Sp ver-
sus Ps discrepancies are similar to the average intra-Ps difference 
between Zhang et al. (2019) and Miller et al. (2018) Moho depths.

LAB depths vary coherently over broad regions (Fig. 5). For in-
stance, the northernmost group of stations (TA.D19K, AK.COLD, and 
AK.RDOG), which lie in the margins of the Brooks Range (Fig. 1a), 
in and near the northern Arctic Alaska terrane (Fig. 1b), manifest 
the thickest lithosphere (118 km to 132 km), while stations in 
central Alaska have the thinnest lithosphere (45 km to 91 km), in-
cluding stations on the west coast of the Seward Peninsula whose 
conversion points sample the offshore continental plate (AK.TNA 
and AK.ANM). In southern Alaska, where LAB velocity gradients 
mark the base of the subducting lithosphere, the LAB depths for 
the Yakutat plate (whose outline is shown in Fig. 1b) range from 
79 km to 122 km. The values at the upper end of this range, which 
correspond to the Sp conversion points that sample farthest off-
shore, are significantly larger than those observed at the base of 
the subducting Pacific plate to the west (91 km to 98 km). Both the 
thickening of lithosphere from central Alaska to northern Alaska, 
and the thicker lithosphere associated with the subducting Yaku-
tat terrane relative to the Pacific plate, were observed in the Sp 
receiver function stacking of O’Driscoll and Miller (2015).

Minimum asthenospheric velocities follow broad regional pat-
terns (Fig. 7c). The lowest asthenospheric velocities (<4.3 km/s) 
are found across central Alaska where the lithosphere is thinnest, 
including the Seward Peninsula. The average of the minimum as-
thenospheric velocities for this region (4.30 km/s ± 0.07 km/s) 
is lower than the average for the remaining regions of Alaska 
(4.42 km/s ± 0.07 km/s). The highest asthenospheric velocities 
occur beneath the Brooks Range in the northern portion of the 
Arctic Alaska terrane (TA.D19K) and beneath the lithosphere sub-
ducting under the Kenai Peninsula (AK.BRLK and AK.CNP) (Fig. 6d 
and Fig. 7c).
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Fig. 6. Isotropic shear-wave velocity profiles. Black lines are the average models and grey lines are 2σ bounds. (a–d) Groups of profiles sample different Alaskan geographic 
regions. Overlaid lines are Vs from global model SEMum2 averaged by the age of the continental crust, Phanerozoic (blue) and Archean (red) on the first profiles of each 
region. Red squares mark the maximum velocity in the mantle lithosphere (starting 10 km below the Moho) and the minimum velocity in the asthenosphere; grey dashed 
line is LAB depth defined as the mid-point of this depth range. Black dashed line is Moho depth.
Fig. 7. (a) Map of Moho conversion points from the shear-wave velocity profiles. Yakutat block is outlined in red. Maps of velocities in the (b) lithosphere and (c) as-
thenosphere. Black dots are the station locations. The velocities are plotted at the lithosphere-asthenosphere boundary conversion points to facilitate the comparison with 
the calculated LAB depths. Therefore, the average lithospheric velocities correspond to a depth range for which conversion points would plot closer to the station and the 
minimum asthenospheric velocities are from a depth range for which conversion points are farther from the station. Seismicity contours are plotted as in Fig. 1.
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Values for average velocity in the mantle lithosphere in some 
cases vary significantly at short spatial scales, but two aspects of 
their distribution stand out. We observe the lowest mantle litho-
sphere velocities at the eastern edge of the subducting lithosphere 
(∼4.25 km/s). In addition, the three northern stations with the 
thickest lithosphere have relatively high average lithospheric ve-
locities (>4.55 km/s).

A final observation from the Vs profiles is that some of them 
contain local maxima at ∼175 km. These features are particularly 
pronounced under the slab offshore (Fig. 6c–d) but are also seen 
further north (Fig. 6a).

4. Discussion

The first-order features of the shear-wave velocity models ob-
tained by the Bayesian joint inversions are that the lithosphere 
in northern Alaska near the Brooks Range is significantly thicker 
than in central Alaska, and that asthenospheric velocities are low 
in a broad band beneath the thin lithosphere of central Alaska, 
including the Seward Peninsula. Similar patterns are echoed in nu-
merous studies (e.g., Wang and Tape, 2014; O’Driscoll and Miller, 
2015; Martin-Short et al., 2018; Jiang et al., 2018; Ward and Lin, 
2018; Feng and Ritzwoller, 2019; Berg et al., 2020). In addition, the 
shear-wave velocity models indicate a greater maximum thickness 
for the subducting Yakutat plate than for the subducting Pacific 
plate, as also observed in O’Driscoll and Miller (2015) and Martin-
Short et al. (2018). However, while some of the major features of 
the shear-wave velocity models obtained in this study are con-
sistent with prior work, our use of Sp phases provides narrower 
constraints on LAB depths than would be possible with surface 
waves alone, and the estimates of absolute shear-wave velocities 
in the lithosphere and asthenosphere that honor the LAB depths 
would not be possible with converted waves alone. In this section, 
we discuss the implications of these results for upper plate modi-
fication by subduction-related processes in the mantle wedge, and 
the characteristics of the subducting Pacific and Yakutat plates.

4.1. Interactions between subduction-related processes and the upper 
plate

The broad band of thin lithosphere and low velocity astheno-
sphere that stretches across central Alaska is easily interpreted as 
a signature of subduction. Low asthenospheric velocities likely re-
flect high temperature mantle entrained into the mantle wedge 
by the subducting slab, slab fluid flux into the mantle wedge (al-
though the competing roles of water and grain size on mantle 
wedge velocities are debated, e.g. Abers et al., 2014), and possibly 
the presence of partial melt (e.g. Rondenay et al., 2010; Rodríguez-
González et al., 2012). Rising slab fluids and/or partial melt, poten-
tially in combination with shallowing asthenospheric flow lines, in 
turn provide a mechanism to thin the upper plate lithosphere. This 
interpretation is supported by the correlation of thin upper plate 
lithosphere and surface magmatism, as seen in cross-sections A 
and C in Fig. 8 and beneath the Seward Peninsula (Figs. 1a and 
5). The zone of thin lithosphere and low asthenospheric veloci-
ties lies landward of the low-attenuation, and presumably cold, 
wedge corner imaged by Stachnik et al. (2004). The thin litho-
sphere correlates with a region of particularly high horizontal sur-
face strain rate (Finzel et al., 2011), and is consistent with the idea 
that the thinner lithosphere is weaker and more easily deformable. 
Comparison of apparent LAB depths with slab seismicity indicates 
that the mantle velocity reductions at two stations (AK.DHY and 
AK.WAT6, Fig. 8c) likely represent a slab-related interface that cor-
responds to a decrease in velocity with depth.

The lithosphere of northernmost Alaska poses a stark contrast. 
Beneath the Brooks Range and the northern Arctic-Alaska terrane 
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(Fig. 1) the lithosphere not only reaches thicknesses of ∼130 km 
(Fig. 8a–b), it also contains shear-wave velocities (stations TA.D19K 
and AK.COLD, Fig. 6a) that are comparable to the global aver-
age for Archean cratons from the SEMum2 model (French et al., 
2013). These seismic properties match other geophysical data in 
the northern Arctic-Alaska terrane that are typical of cratonic litho-
sphere, including low heat flow (except near the northern coast 
(Saltus and Hudson, 2007; Batir et al., 2016)) and a zone of high 
magnetization in the deep crust that has been interpreted as evi-
dence for cold lithosphere (Saltus and Hudson, 2007). These prop-
erties have led to the conclusion that the thick northern Alaska 
lithosphere represents high viscosity mantle (e.g. Finzel et al., 
2015). The apparent contrasts in lithospheric thickness and viscos-
ity between northern and central Alaska are in turn important for 
focusing tractions from asthenospheric flow and predicting surface 
deformation that matches southward directed surface deformation 
(Finzel et al., 2015).

Within the subduction modified upper plate lithosphere of cen-
tral Alaska, the origin of the Denali Volcanic Gap (DVG) has been 
a topic of debate. The DVG is an area that lies above subduct-
ing slab seismicity, yet has lacked significant volcanism since the 
Miocene (Fig. 1a) and is spatially correlated with the outline of 
the subducting Yakutat terrane (Fig. 1b). To explore implications 
for the DVG, we compared shear-wave velocity model properties 
for a group of stations whose Sp stack mean conversion points lie 
within the DVG (AK.CAST, AK.BPAW, AK.CHUM, AK.KTH, AK.MLY) 
to stations whose conversion points lie outside the DVG but at a 
similar location with respect to slab seismicity contours (AK.MDM, 
IU.COLA, AK.CCB, AK.SKN). Minimum asthenospheric velocities and 
average lithospheric velocities do not differ significantly between 
the two groups. Comparing average values within the DVG to those 
outside the DVG, asthenospheric velocities are 4.30 ± 0.06 km/s 
versus 4.30 ± 0.09 km/s, respectively, and lithospheric velocities 
are 4.43 ± 0.05 km/s versus 4.45 ± 0.09 km/s, respectively.

In contrast, variations in LAB depth do show DVG-related con-
trasts. Inside the DVG, the LAB lies at depths of 50–60 km directly 
above slab seismicity located at 140 km depth, in agreement with 
a sharp reduction in shear-wave velocity imaged and interpreted 
as pooled partial melt by Rondenay et al. (2010) (Fig. 8b). However, 
70 km north from the deepest seismicity along the cross-section, 
the LAB deepens to approximately 70 km in depth (although this 
is not technically resolved given the generous error bars on LAB 
depth) and by 150 km from the deepest seismicity, the LAB has 
reached a depth of 90 km (AK.MLY). In contrast, on the cross-
section on the eastern side of the DVG (Fig. 8c) the LAB appears to 
remain at a depth of approximately 50 km to a distance of 70 km 
from the deepest seismicity (AK.MDM). This difference in LAB to-
pography can also be seen on the LAB depth map in Fig. 5.

In some models for the DVG, low angle subduction of the Yaku-
tat terrane beneath the DVG cools the top of the mantle wedge 
(Rondenay et al., 2010; Martin-Short et al., 2018). For example, 
Rondenay et al. (2010) propose that this cooling reduces upward 
flow of warm asthenosphere where the arc would otherwise be 
located, and instead causes melt to pond below the upper plate at 
a depth of approximately 60 km somewhat farther landward. Our 
results are consistent with this model, in the sense that we do ob-
serve a shallow LAB where Rondenay et al. (2010) predict ponded 
melt. One caveat is that volcanoes are present to the northeast of 
the DVG (Fig. 8c) where the angle of subduction is comparably low 
to that in the DVG. However, these volcanoes may be explained by 
their proximity to the edge of the slab, assuming the interpreta-
tion of seismicity we employ in this study (e.g. Kiara Daly, personal 
communication, 2020). Alternatively, upper plate thickness, for ex-
ample the significantly thicker lithosphere in northern Alaska, may 
contribute to the shallow Yakutat slab dip, as opposed to attribut-
ing the shallow dip to the buoyancy of thick Yakutat crust alone. 
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Fig. 8. Cross-sections that represent shear-wave velocity structure beneath Alaska. Cross-section locations are shown in map view in Fig. 5. Colored circles are LAB depths 
shown at conversion point locations, except for conversions at stations AK.DHY and AK.WAT6 in cross-section C–C′ which likely represent the top of the crust of the 
subducting plate. Light dashed lines (at the base of the subducting plate) and colored lines (at the base of the upper plate) are our interpretations of LAB shape. Thick 
dashed lines are the top of the subducting plate from Slab2.0 (Hayes et al., 2018) except in D–D′ where the slab contours are from Kiara Daly, personal communication 
(2020). Additional discussion of the WVF appears in the supplement. The Denali Volcanic Gap (DVG) location is shown in B–B′ . On top of the cross-sections, we show 
topography from ETOPO1 (Amante and Eakins, 2009). Red triangles represent volcanoes. Both volcanoes and LAB conversion points lie within 0.8 geocentric degrees from the 
cross-sections.
For example, in the geodynamical models of Rodríguez-González et 
al. (2012) thicker upper plate lithosphere alters wedge dynamics 
and reduces slab dip. Following this logic, the relatively thin litho-
sphere beneath the Seward Peninsula would be associated with the 
more steeply dipping Pacific plate.

In a different type of model for the DVG, Chuang et al. (2017)
propose that low angle subduction produces slab dehydration at 
anomalously shallow depths, reducing the presence of fluids and 
the production of partial melt in the mantle wedge. The observed 
lack of variation in athenospheric velocities between the DVG and 
surrounding regions is not consistent with this model, unless the 
proposed variation in fluid and melt content produces no dis-
cernible effect on asthenospheric shear-wave velocity.

Our results also shed partial light on the degree to which the 
upper plate in Alaska is modified by subduction zone processes 
versus intrinsic lithospheric variations imparted by the original ac-
creted terranes. Our results suggest that both are important. On 
the one hand, the thick lithosphere in northern Alaska (Fig. 8, 
Fig. S5), largely made up of the NeoProterozoic-Cambrian northern 
Arctic-Alaska terrane, has high shear-wave velocities comparable 
to Archean cratons globally (as discussed above, e.g. Fig. 7b). This 
cratonic character suggests that the bulk mantle lithospheric prop-
erties of the northern Arctic-Alaska terrane differed from those 
of the terranes to its south at the time that they were accreted, 
including the nearly adjacent Koyukuk terrane which has been in-
terpreted as oceanic arc lithosphere accreted in the Late Jurassic to 
early Cretaceous (Colpron et al., 2007; Colpron and Nelson, 2011). 
On the other hand, subduction processes clearly influence the up-
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per plate at latitudes that at least border the thick northern Arctic 
Alaska lithosphere. The low asthenospheric shear-wave velocities, 
thin lithosphere and magmatism beneath the Seward Peninsula are 
evidence of a subduction influence substantially to the north of the 
present-day convergent boundaries. In addition, studies of man-
tle azimuthal anisotropy and regional flow models indicate that 
mantle flow driven by subduction extends to the latitudes of the 
northern Arctic Alaska terrane (e.g. Jadamec et al., 2013; Venereau 
et al., 2019; McPherson et al., 2020).

4.2. Subducting plate properties

Another feature of the shear-wave velocity models is the varia-
tion between the thicker subducting lithosphere that lies within 
the outline of the subducting Yakutat terrane (Fig. 8c–d) and 
thinner subducting lithosphere with Pacific oceanic crust (Fig. 5). 
Conversion points sampling the furthest offshore subducting plate 
with Yakutat crust (Fig. 8c–d) indicate lithosphere that is ∼120 km 
thick, with maximum values of 122 ± 12 km. In contrast, the con-
version point for station SII (Fig. 5), which lies beneath subducting 
lithosphere with Pacific plate crust at a comparable offshore po-
sition relative to subducting slab contours, occurs at 98 ± 16 km. 
Although only one station in our study captures this offshore dis-
tance on the Pacific plate, the LAB depth at this station is compara-
ble to values for Pacific lithosphere near this location from Kumar 
and Kawakatsu (2011). An apparent difference in incoming plate 
thickness has also been observed by O’Driscoll and Miller (2015)
and Martin-Short et al. (2018).
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Variations in crustal thickness explain at least some of the 
greater total observed thickness of the Yakutat lithosphere. Based 
on its 20 My age (Müller et al., 2008), the Yakutat lithosphere 
would actually have a thermally-defined plate thickness that is 
∼10 km less than the 40 My-old Pacific lithosphere, assuming a 
cooling plate model with ∼90 km thick infinite-age lithosphere 
that matches heat flow data (Hasterok, 2013) and that the base 
of oceanic lithosphere lies within 50 ◦C of asthenospheric tem-
perature. However, the thickness of the offshore Yakutat crust is 
approximately 30 km (Christeson et al., 2013), as opposed to the 
∼9 km thick crust of the Pacific plate (Fuis et al., 2008). Thus the 
∼21 km thicker crust of the Yakutat plate offsets its ∼10 km thin-
ner thermal mantle, predicting a total thickness that is greater than 
that of the Pacific plate.

Another facet of subducting plate thickness is that on cross-
section C (Fig. 8) the subducting plate carrying Yakutat crust, while 
∼120 km offshore, appears to thin as it bends into the trench. 
Pooling of partial melt below a solidus-related interface near the 
base of the lithosphere just as it subducts has been invoked be-
neath Nicaragua from seafloor magnetotelluric data (Naif et al., 
2013), and beneath Cascadia in the U.S. from velocity tomography 
(Hawley et al., 2016). The presence of accumulated melt is one 
candidate process that could produce the apparent erosion of the 
base of the Yakutat lithosphere.

As previously mentioned, the negative velocity gradients at 
depths of 66 km and 58 km beneath stations AK.DHY and AK.WAT6 
appear to be related to the top of the subducting plate, based 
on their location relative to slab seismicity (Fig. 8c). Using Ps re-
ceiver function migration, Kim et al. (2014) found a thin layer with 
reduced velocity that lies close to the AK.DHY and AK.WAT6 con-
version points. They interpreted this feature as a layer of thick 
sediments and high pore fluid pressure between the subducted 
slab and upper plate (Kim et al., 2014).

5. Conclusions

We employed Bayesian joint inversion of Sp RFs and Rayleigh 
wave phase velocities to produce shear-wave velocity profiles 
across Alaska. These new constraints on lithospheric thickness and 
lithospheric and asthenospheric velocities shed light on several 
questions.

How has subduction modified upper plate structure? What are 
the mantle signatures of accreted terranes? A wide band of thin 
upper plate lithosphere and low velocity asthenosphere extends 
across central Alaska and the Seward Peninsula. Its spatial cor-
relation with subducting plate seismicity and upper plate mag-
matic activity indicates that subduction-related fluids and melt 
have played a key role in thinning the upper plate. In contrast, 
not only is the lithosphere in and near the northern Arctic Alaska 
terrane significantly thicker, its mantle has shear-wave velocities 
that reach values typical of Archean cratons. The latter property 
suggests that while subduction-related flow may reach these lat-
itudes, possibly thinning the lithosphere, subduction-related pro-
cesses have not obviously altered the entire mantle lithosphere of 
the Alaskan interior.

What are the origins of the Denali Volcanic Gap? LAB depths 
are consistent with Denali Volcanic Gap models involving feed-
backs between subduction zone processes and the upper plate. 
Asthenospheric velocities above the subducting plate within the 
Denali Volcanic Gap are not significantly different from those be-
neath adjacent magmatically active regions, suggesting that lower 
fluxes of slab fluids and reduced wedge partial melt content are 
not the dominant factor in creating the Denali Volcanic Gap, unless 
these effects have unobservable impacts on shear-wave velocities.

What differences exist between the subducting plate carrying 
the Yakutat terrane and the normal Pacific plate lithosphere to the 
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west? The total thickness of the Yakutat lithosphere offshore is 
about 20 km greater than the Pacific lithosphere, a result which 
can be explained by the greater thickness of Yakutat crust (Chris-
teson et al., 2013). Thinning of Yakutat lithosphere as it bends into 
the trench is consistent with erosion of the base of the lithosphere 
by accumulated partial melt, as has been proposed in Nicaragua 
and Cascadia (e.g., Naif et al., 2013; Hawley et al., 2016).
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