
1.  Introduction
Alaska is one of the most seismically active areas in the world. It is composed of various terranes accreted from 
different geologic times (Colpron et al., 2007; Plafker & Berg, 1994) and exhibits distinctive and complicated 
geological environments. Along the Aleutian-Alaska subduction zone, the Pacific plate subducts beneath the 
North America plate at a rate of approximately 5 cm/year (DeMets et al., 1994) (Figure 1a), producing abundant 
seismicity and arc volcanism. At the eastern edge of the subducting Pacific plate, the Yakutat terrane, a thick 
and buoyant oceanic plateau (Mann et  al.,  2022), has partially subducted beneath Alaska at a shallow angle 
(Benowitz et al., 2014; Christeson et al., 2010; Eberhart-Phillips et al., 2006; Ferris et al., 2003). The shallowing 
of the slab dip angle may be responsible for the cessation of magmatism beneath the Denali Volcanic Gap (DVG) 
(Martin-Short et al., 2018) and associated with the clustering of volcanoes in the Wrangell Volcanic Field (WVF). 
These distinct features make Alaska a natural laboratory to investigate subduction processes and the origins of 
magmatism.

Abstract  We perform adjoint waveform tomography to reveal the P-wave velocity structure of the crust 
and uppermost mantle in Alaska by using common-source double-difference traveltime data. Our underlying 
forward modeling tool is a 3D seismic-wave solver called SPECFEM3D_GLOBE. We select ∼13,000 
high-quality P-wave arrivals from 147 earthquakes recorded by more than 600 stations. The waveforms are 
filtered between 15 and 8 s and used to generate about 100,000 differential traveltimes via the cross-correlation 
technique. We invert these common-source differential traveltimes for a P-wave velocity model down to 
150 km depth in Alaska. In the upper mantle, a high-velocity zone is imaged along the Aleutian volcanic arc, 
which represents the Pacific plate subducting beneath the North America plate. On the eastern edge of the 
subducting Pacific plate, the imaged high-velocity anomaly extends distinctly beyond the Wadati–Benioff zone, 
indicating an aseismic slab edge. We observe an absence of a low-velocity mantle wedge beneath the Denali 
Volcanic Gap (DVG) in our tomographic model. This finding suggests that minimal melt accumulation exists 
beneath the DVG, which may explain the cessation of magmatism there. Our model also reveals a high-velocity 
anomaly near the Wrangell Volcanic Field (WVF), suggesting the possible existence of the Wrangell slab or 
the high-velocity slab edge of the Yakutat slab. A potential slab gap shown as a low-velocity body is detected at 
95–125 km depth near the WVF, which could act as a channel to transport mantle materials to feed the cluster 
of volcanoes in the WVF.

Plain Language Summary  Characterizing the subsurface structure of Earth's interior is achieved 
by recording how seismic waves—originating from earthquakes—travel different speeds depending on the 
materials through which they travel. We focus on using the traveltimes of seismic waves from earthquakes 
in Alaska to produce a tomographic image of the subsurface variations of Alaska. Our technique differs 
from previous approaches in that we rely on differences in traveltimes from earthquakes to stations that are 
close to each other, which can be calculated by correlating the shapes of recorded waveforms. Our resulting 
tomographic image reveals major plate tectonic features, such as the subducting Pacific plate and volcanic 
regions. Our technique and resulting images enable a better understanding and interpretation of the subsurface 
structure and geodynamics of Alaska.
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Crustal and upper mantle structures beneath Alaska have been examined by previous seismic imaging studies using 
various seismic data and tomography methods, for example, body wave traveltime tomography (Eberhart-Phillips 
et al., 2006; Kissling & Lahr, 1991; Qi et al., 2007; Tian & Zhao, 2012; Zhao et al., 1995), receiver function 
analysis (Ferris et al., 2003), surface wave tomography (Wang & Tape, 2014), and ambient noise tomography 
(Ward, 2015).

By 2017, the EarthScope USArray Transportable Array (TA) was fully deployed in Alaska, providing new station 
coverage in western Alaska, northern Alaska, and northwestern Canada (Busby & Aderhold, 2020). This network, 
together with other permanent and temporary networks, ushered in a new era of monitoring and seismic imaging 
in Alaska (e.g., Berg et al., 2020; Feng & Ritzwoller, 2019; Gou et al., 2019; Jiang et al., 2018; Martin-Short 
et al., 2018; Miller & Moresi, 2018; Nayak et al., 2020; Ward & Lin, 2018; Zhang et al., 2019, and others). Jiang 
et al. (2018) imaged the S-wave velocity structure down to 800 km depth in Alaska by combining Rayleigh wave 
dispersion measurements with teleseismic S-wave traveltime data. Their findings demonstrated that the Yakutat 
slab extends further to the northeast than previous studies suggested. In addition, a high Vs anomaly was revealed 
beneath the WVF and interpreted as a potential slab fragment that contributes to the Wrangell magmatism. 
Using regional and teleseismic P-wave arrival times, Gou et al. (2019) established a refined anisotropic P-wave 
velocity model which shows that the Pacific plate has subducted down to 450–500  km depth below central 
Alaska. They also reported a slab gap at 65–120 km depth beneath the WVF, which is possibly the magma 
channel through which mantle materials are transported upward to feed volcanoes. Using body-wave traveltimes 
and ambient-noise-derived surface-wave data, Nayak et al. (2020) presented the Vp and Vp/Vs ratio models of 
Alaska. The models show a distinct high-velocity anomaly at ∼65 km depth below the DVG, suggesting no partial 
melting in the mantle wedge.

These new tomographic models exhibit differences that pose challenges toward understanding magmatism and 
volcanism in Alaska. In south-central Alaska, the Denali Volcanic Gap (DVG) separates the subduction-induced 
volcanic arc into two parts: the Aleutian volcanic arc and the Buzzard Creek–Jumbo Dome (BC-JD) volcanoes 
(Figure 1a). The cause of this unusual volcanic gap is still unclear. The different patterns of Wadati-Benioff zone 
seismicity beneath the DVG and the Pacific plate likely reflect the different dehydration states of the Yakutat 
crust and the Pacific crust (Chuang et al., 2017; Martin-Short et al., 2018). One hypothesis for the DVG, proposed 

Figure 1.  (a) Tectonic setting in Alaska. The black solid lines denote the Quaternary faults and folds of Alaska provided by the United States Geological Survey 
(https://www.usgs.gov/natural-hazards/earthquake-hazards/faults). The red triangles show active volcanoes in the last 2 Myr (Cameron, 2004). The subducted Yakutat 
slab is outlined by white dashed lines (Eberhart-Phillips et al., 2006). Tectonic features are labeled as: TF, Tintina fault; KF, Kaltag fault; IF, Iditarod-Nixon Fork fault; 
DF, Denali fault; CMF, Castle Mountain fault; TrF, Transition fault; FF, Fairweather fault; NAC, North American craton; BR, Brooks Range; AR, Alaska Range; CB, 
Colville basin; YFB, Yukon Flats basin; CIB, Cook Inlet basin; CRB, Copper River basin; DVG, Denali Volcanic Gap; WVF, Wrangell Volcanic Field. (b) Earthquakes 
(dots color-coded by depth) and stations (black triangles) used in this study.
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by McNamara and Pasyanos (2002), is that melted material cannot reach the surface. In their results, derived 
from regional Pn and Sn traveltimes, a low-velocity and high Poisson's ratio uppermost mantle is imaged beneath 
the DVG. This anomaly is similar to what exists beneath the volcanoes, indicating the mantle wedge beneath the 
DVG is similar in composition and thermal properties despite the absence of volcanic activities on the surface. In 
contrast, some recent studies have suggested the depletion of melt beneath the DVG (Berg et al., 2020; Chuang 
et al., 2017; Jiang et al., 2018; Nayak et al., 2020; Yang & Gao, 2020).

Another open topic is the evolution of volcanism in the WVF. Some tomographic models have imaged a 
high-velocity anomaly in the mantle beneath the WVF, suggesting a possible slab tear in this area, as a magma 
channel to feed Wrangell volcanoes (Gou et al., 2019; Jiang et al., 2018; Yang & Gao, 2020). Other investigations 
(Berg et al., 2020; Martin-Short et al., 2018) did not find high-velocity anomalies representing the Wrangell slab 
beneath the WVF, and they reported that the volcanism in the WVF is partially attributed by the melting of the 
Yakutat slab.

In this paper, we apply the adjoint waveform tomography method (Yuan et  al.,  2016) using common-source 
double-difference traveltime data to reveal the P-wave velocity structure of the crust and uppermost mantle 
beneath Alaska. This method involves two key components: solving the elastic wave equation and using robust 
double-difference traveltime data. First, we solve elastic wave equations using 3D wavefield simulations, which 
provide synthetic waveforms for comparison with observed waveforms. The wave equation-based modeling 
method naturally incorporates the finite-frequency effects of wave propagation such as wavefront healing and 
scattering (Dahlen et al., 2000; Hung et al., 2001), which enhances the resolvability of small anomalies (Liu 
& Tromp, 2006; Pratt, 1999). Second, unlike traditional inversion methods to minimize the mismatch between 
synthetic signals and observed signals, we measure the double-difference traveltimes

ΔΔ𝑡𝑡 = Δ𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 − Δ𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠,� (1)

where

Δ𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 = argmax
𝜏𝜏 ∫

𝑇𝑇

0

𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜

1
(𝑡𝑡 + 𝜏𝜏)𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜

2
(𝑡𝑡)d𝑡𝑡𝑡� (2)

is the cross-correlation traveltime difference of observed waveforms recorded by two seismic stations and, replac-
ing “obs” with “syn,” Δtsyn is the cross-correlation traveltime difference of synthetic waveforms computed in a 
1D or 3D Earth model. With these measurements, several uncertainties can be accounted for, including within 
the assumed source-time function, the origin time, and recorded signal amplitudes. Furthermore, these meas-
urements can reduce the effects of uneven event distribution (Yuan et al., 2016). As a result, the adjoint wave-
form tomography method using common-source double-difference traveltime data offers an effective and reliable 
approach for subsurface imaging. Yuan et al. (2016) provided a convincing synthetic test to illustrate the higher 
resolution of the double-difference method compared to the conventional wave equation-based traveltime tomog-
raphy method, and Chen et al. (2022) demonstrated a successful application to northeast Japan. Here we apply 
this new method to Alaska.

The paper is organized as follows. In Section 2, we introduce the seismic stations and earthquakes used in the 
inversion, as well as the procedures to process waveform data. Then we discuss the forward wavefield simulation, 
the initial model, and the inversion method in Section 3. Section 4 contains the inversion results derived from real 
seismic data and the results of checkerboard and restoring resolution tests. In Section 5, we discuss the imaged 
velocity anomalies.

2.  Data
2.1.  Seismic Stations and Earthquakes

Our study area includes mainland Alaska and part of the Aleutian volcanic arc, with latitude ranging from 56° to 
72° and longitude ranging from −168° to −132°. The regional earthquake catalog is collected from the Advanced 
National Seismic System Comprehensive Earthquake Catalog (ANSS ComCat) of the United States Geological 
Survey. Vertical-component seismic waveforms are downloaded from the Incorporated Research Institutions for 
Seismology Data Management Center (IRIS DMC).
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The computational cost of adjoint-based imaging approaches generally scales with the number of earthquakes 
(or, in the case of ambient noise adjoint tomography, the number of stations). To balance data coverage and 
computational cost, we carefully choose 147 earthquakes occurring from 2000 to 2021 with magnitudes ranging 
from 3.1 to 7.9 (Figure 1b). The number of used earthquakes per year is displayed in Figure S1 of Supporting 
Information S1. Each selected earthquake contributes more than 100 reliable differential traveltimes, providing 
dense data coverage in southern and central Alaska (Figure 2).

Differential traveltimes are measured on more than 600 seismic stations (mostly broadband seismographs) from 
29 networks (Table S1 in Supporting Information S1). More than half of the total are from the Transportable 
Array (160; network TA) and Alaska Regional Network (190; network AK). Station spacing is approximately 
85 km apart in the study region (Figure 1b). There are other temporary or permanent seismic networks (e.g., 
networks AV, XE, XZ, YM, ZE), providing denser station coverage in south-central Alaska. Waveform data from 
the recently deployed network AACSE (Alaska Amphibious Community Seismic Experiment; network XO) are 
also used, enhancing the coverage around the Alaska Peninsula.

2.2.  Waveform Data Processing

To reliably measure the traveltime difference between two waves emanating from the same earthquake but arriv-
ing at two neighboring stations, we take five steps to preprocess raw waveform data:

1.	 �Remove the instrument response, the mean, and the linear trend from the raw seismograms to retrieve ground 
displacement.

2.	 �Filter the waveforms using a second-order Butterworth band-pass filter with corner frequencies of 0.067 Hz 
(15 s) and 0.125 Hz (8 s).

3.	 �Resample waveforms to 100 Hz, which enables a minimum calculated cross-correlation traveltime difference 
of 0.01 s.

4.	 �Choose an appropriate time window that contains the first P waves for measuring the traveltime difference. 
The waveform time window in this study is designed to be from 15 s before to 15 s after the first P-wave arrival 

Figure 2.  Station pairs used in our tomographic inversion. Each pair of stations with a measured differential traveltime is 
connected with a white line.
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time. Note that the first P-wave arrival times are downloaded from the Alaska Earthquake Center (AEC) and 
the National Earthquake Information Center of the United States Geological Survey (USGS), or theoretically 
predicted by using the software package TauP (Crotwell et al., 1999) based on the AK135 reference model 
(Kennett et al., 1995) if not recorded by these two centers.

5.	 �Exclude waveforms on the basis of low signal-to-noise ratios (SNR). Here signal energy is the L 2 norm of 
the signal from 5 s before to 15 s after the first P arrival time; the noise energy is from 15 to 5 s before the P 
arrival. We retain signals having SNR greater than 8.

After preprocessing the waveform data, we calculate the traveltime difference of two waves from the same 
earthquake but recorded by two separate stations via the cross-correlation technique. Three selection criteria are 
applied to obtain reliable differential traveltimes for each iteration.

1.	 �The cross-correlation coefficient for two waveforms must be at least 0.8 in order for the differential traveltime 
measurement to be kept.

2.	 �The difference of the azimuthal angles measured at two compared seismic stations should be smaller than 
30°. This requirement ensures similar wave propagation paths so that the uncertainty of source-side structure 
is reduced.

3.	 �The maximum inter-station distance is set as 300 km, which is comparable to the width of the first Fresnel 
zone (Baig et al., 2003; Woodward, 1992; Yuan et al., 2016).

Figure 3 shows an example of selecting differential traveltimes for observed waveforms. We also want to declare 
that in each iteration, only station pairs with double-difference traveltime less than 2 s (i.e., |Δtobs − Δtsyn| ≤ 2 s) 
will be used considering the reliability of the data. Applying our selection criteria to the set of 147 earthquakes, 
we measured 105,544 differential traveltimes from 13,202 first P-wave arrivals, yielding dense data coverage 
throughout Alaska, particularly in central and southern areas (Figure 2).

3.  Method
3.1.  Wavefield Simulations

We use the software package SPECFEM3D_GLOBE (Komatitsch & Tromp, 2002a, 2002b; Liu & Tromp, 2008; 
Peter et al., 2011) to simulate seismic wave propagation and calculate sensitivity kernels. This package employs 
the spectral element method to solve the wave equation, and it is suitable for complex geometries. It also achieves 
high numerical accuracy (Komatitsch & Vilotte,  1998) and is readily implemented for parallel computing 
(Komatitsch, 2011; Komatitsch et al., 2009). In this study, we use a single chunk of a “cubed sphere” mesh, with 
a width of ∼2,200 km, a height of ∼1,900 km, and a depth from the surface to the core, containing three doubling 
layers (Figure S2 in Supporting Information S1) to efficiently reduce computational effort (Lee et al., 2008).

The finite element mesh contains approximately 315,000 hexahedral elements, with Gauss-Lobatto-Legendre 
(GLL) interpolation grid node spacing of approximately 4.4 km at the surface, which provides accurate simula-
tion for compressional waves with periods ≥8 s for velocities down to 5.1 km/s. The seismic parameters of P-wave 
velocity, S-wave velocity, and density are assigned to these GLL points. Figure S2 in Supporting Information S1 
shows the mesh used for forward and adjoint simulations in this study. The mesh is unchanged throughout our 
iterative tomographic inversion.

3.2.  Initial Model

An appropriate initial model is important for avoiding local minima and excessive iterations within a seismic 
tomographic inversion (Virieux & Operto, 2009). To make sure the tomographic results are as much as possible 
contributed by this new method, we start from a pseudo-3D initial model (Figure 4) rather than a 3D heteroge-
neous model (e.g., Berg et al., 2020; Gou et al., 2019; Nayak et al., 2020). We implement an undulating Moho 
discontinuity obtained from receiver function results (Zhang et  al.,  2019) in the Alaskan continent and from 
CRUST1.0 (Laske et al., 2013) in the adjacent oceanic region. Grid points in the mesh (GLL points) are then 
categorized as above or below the Moho, then assigned a velocity value according to our crustal or mantle model. 
The initial P-wave velocity of the GLL points in the crust is set according to the model of Eberhart-Phillips 
et al. (2006), which is a linear interpolation from 5.10 km/s on the surface to 7.15 km/s down to the lowermost 
crust. Similarly, for the GLL points located in the mantle (up to 300 km depth), we interpolate the velocity using 
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Figure 3.  Example calculations of waveform cross-correlation. Upper left subfigure: distribution of seismic stations for one earthquake. The red star represents the 
earthquake. The reference station is denoted by the blue square. The green triangles are the stations that are cross-correlated with the reference station (“CC stations”). 
Other stations are plotted as black triangles. Subfigures for comparing waveforms: The vertical dashed lines mark the theoretical first P-wave arrival times. The black 
solid waveform is the processed signal recorded by the reference station. The red waveforms are processed signals recorded at the cross-correlated stations. The 
black dot-and-dash waveform shows the signal recorded by the reference station with a time shift (Δtobs), where Δtobs is the traveltime difference calculated via the 
cross-correlation technique. “CC” denotes the corresponding cross-correlation coefficient.

 21699356, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025168 by N
anyang T

echnological U
niversity L

ee W
ee N

am
 L

ibrary, level 2, W
iley O

nline L
ibrary on [15/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

CHEN ET AL.

10.1029/2022JB025168

7 of 16

a 1D layered model, which is generated by the lateral average of the AKAN2020 model (Nayak et al., 2020). 
Finally, the AK135 Vp model (Kennett et al., 1995) is adopted for the deeper domain to construct the initial 
model.

We compute double-difference measurements based on the initial model. Overall, 105,544 double-difference 
traveltimes are selected according to the aforementioned criteria. The mean value is near zero (0.019 s), indicat-
ing that the initial velocity model is not systematically too fast or too slow. On the other hand, the standard devi-
ation (0.608 s) suggests the presence of significant differences between the initial model and the true model. For 
comparison, the 1D model AK135 produces double-difference measurements with a larger standard deviation 
(0.746) and fewer measurements (63,194) (Figure S3 in Supporting Information S1).

3.3.  Inversion Method

We employ the adjoint waveform tomography method using common-source double-difference traveltime data 
to determine the P-wave velocity of the crust and uppermost mantle (Yuan et al., 2016). For the inversion, we 
parameterize the Vp perturbation on a coarser mesh with a size of 1° × 0.5° × 10 km for the model update. This 
model parameterization has a smoothing effect on sensitivity kernels, which provides a form of regularization. 
The iterative inversion proceeds using a gradient descent method with a controlled step size (Tong, 2021). We set 
the upper and lower bounds of the Vp perturbation as ±2% in the beginning and then gradually reduce the bounds 
to ±1% by the fifth iteration. This approach of avoiding large-amplitude updates is similar to regularization.

4.  Results
4.1.  Checkerboard Resolution Test

We first perform a checkerboard resolution test to evaluate the resolving ability of the chosen seismic data (e.g., 
Humphreys & Clayton, 1988). First, the target model (t00) of the checkerboard test is constructed by assigning 
8% alternating positive and negative Vp perturbations to the initial model (m00) used in the real data inversion. 
The size of the Vp anomaly block increases from 4° × 2° × 30 km (longitude × latitude × depth) at the surface to 

Figure 4.  (a) Horizontal cross-sections of the initial 3D seismic velocity model m00. (b) Vertical cross-sections of m00, whose locations are plotted in the horizontal 
section as two orthogonal dashed lines a and b. The dot-and-dash line represents the Moho discontinuity used in this study, which is suggested by Zhang et al. (2019). 
Red mainly represents the crustal velocity in the initial model and blue mainly represents the mantle velocity. The horizontal sections can reflect the impact of the 
introduced Moho discontinuity on the initial velocity model.
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8° × 4° × 50 km in the upper mantle (Figures 5 and 6). Then, target waveforms for t00 are numerically computed 
via wavefield simulations. We then perform the same inversion procedure, but with target waveforms instead of 
real waveforms, to see how well the checkerboard model is recovered.

Ten iterations were carried out for the checkerboard resolution test, with the mean value of the squared 
double-difference traveltimes decreasing by ∼87% (Figure S4 in Supporting Information S1). Vp perturbations 
of the target model (t00) and the inverted model (c10) relative to the initial model (m00) are aligned in horizontal 
and vertical sections in Figures 5 and 6 for comparison. Most checkerboard anomalies are recovered, suggesting 
that the double-difference traveltime data should be able to resolve comparable length scales of the true subsur-
face structure of mainland Alaska, especially in southern and central Alaska.

The results of the restoring resolution test are shown in Figures S5–S7 of Supporting Information S1, illustrating 
the reliability of the tomographic results. Thus, it is reasonable to believe that the labeled velocity anomalies in 
the real tomographic results are reliable features rather than artifacts.

4.2.  Inversion Result Derived From Real Seismic Data

We perform 10 iterations, with each iteration requiring 147 simulations for synthetic seismograms and 147 
adjoint simulations for sensitivity kernels. The mean value of the squared double-difference traveltimes decreases 
by approximately 55% (from 0.185 to 0.083 s 2). Figure 7a depicts the misfit reduction and the number of station 
pairs for each iteration. The value of the misfit function drops sharply in the first five iterations and then decreases 

Figure 5.  Horizontal cross-sections of the input checkerboard model (left: t00) and final output model (right: c10) at different depths. Both models are plotted with 
respect to the initial 3D velocity model m00. The anomaly blocks are outlined by faint gray dashed lines. The dashed lines in (i) denote the cross sections in Figure 6.
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Figure 6.  Vertical cross-sections of the input checkerboard model (left: t00) and final output model (right: c10). Both models are plotted with respect to the initial 
3D velocity model m00. The locations of the cross-sections are plotted as black dashed lines a-d in Figure 5i. In detail, profiles a and b are located at latitudes 65° and 
60.5°, respectively; and profiles c and d are located at longitudes −150° and −142°, respectively. The black dot-and-dash line denotes the Moho discontinuity.

Figure 7.  (a) The reduction of the misfit function (red) and the change of station pairs involved in the inversion through iteration (blue). (b) Comparison of 
double-difference traveltime measurements in the initial model (red: m00) and the final model (blue: m10). After the inversion (m00 to m10), the misfit function 
decreases by 56.5% (from 19,488 to 8,484 s 2). The standard variance (mean value) of the double-difference traveltimes is reduced from 0.607 to 0.408 s (0.019 to 
−0.0011 s).
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gradually. On the other hand, the number of used station pairs decreases slightly, from 105,544 to 101,818. 
This decrease may arise from the reduction of cross-correlation coefficients: as iterations proceed, the modeled 
heterogeneity increases and generates more complex waveforms, which may lead to lower cross-correlation coef-
ficients when aligning waveforms, causing some station pairs to be excluded. In addition, the double-difference 
traveltimes become more concentrated at zero (Figure 7b), with the standard deviation decreasing from 0.607 to 
0.408 s.

Our inversion produces a 3-D P-wave velocity model down to a depth of 155 km. Similar to the checkerboard 
test, we use m00 to represent the initial 3D Vp model and m10 for the Vp model after the 10th iteration. We 
display the model in two ways: (a) m10 as Vp in km/s, (b) ln (m10/m00) as Vp perturbation. The first display 
is useful for geophysical and geological interpretations, while the second display conveys the changes made by 
the tomographic inversion. The first display includes any complexities present within the initial model, while the 
second display does not. In general, the two displays can look very different, especially in cases where the initial 
model contains strong, fine-scale heterogeneities. For all horizontal cross sections, the offshore areas are masked 
because of poor data coverage in the adjacent ocean.

Figure 8 contains horizontal sections of Vp and Vp perturbation, while Figure 9 contains vertical cross-sections 
of Vp perturbation. Figures S8–S13 in Supporting Information S1 provide additional comparisons of the initial 
model (m00) and final model (m10). In the shallow crust at 15 km depth, the imaged low-velocity anomalies 
in the absolute Vp model lie mainly beneath several large mountain ranges in Alaska. Specifically, significant 
low-velocity anomalies are revealed under the Brooks Range (L1), the Alaska Range (L2), and the Wrangell 
Mountains (L3). In the south, a high-velocity anomaly (H1) is detected under the Yakutat slab. In the cross section 
at 35 km depth, the distribution of Vp anomalies is related to the assumed Moho topography. The high-velocity 
anomaly H2 (Figures 8c and 8d) reflects a shallow Moho depth in central Alaska. It is in sharp contrast with 
the low-velocity anomalies in northern (L1 in Figures 8c and 8d) and southern Alaska (L2 and L3 in Figures 8c 
and  8d) where the crust is thicker. Furthermore, low-Vp anomalies are also observed beneath the Aleutian 
volcanic arc (L2) and the WVF (L3) in the Vp perturbation model, and L3 extends to the uppermost mantle down 
to 150 km depth. In the horizontal section at 65 km depth, a high-velocity anomaly (H3 in Figures 8e and 8f) is 
observed beneath the DVG and will be discussed later.

Spatial distributions of high- and low-velocity anomalies are similar in horizontal sections from 95 to 145 km 
depth. Prominent high-velocity anomalies are revealed in the northernmost (H4 in Figures 8g–8l and 9f) and 
northeastern (H5 in Figures 8g–8l, 9e, and 9f) parts of the study area. A high-velocity zone (H6 in Figures 8g–8l 
and 9a–9d) representing the subducting Pacific plate is clearly imaged from the Aleutian volcanic arc to the 
central Alaska region at ∼65°. In the 125 km depth section, the strike of this anomaly dramatically changes at 
∼64°, forming a prominent kink (K1) and a bulge (A1) considerably exceeding north of the Wadati-Benioff zone. 
In addition, a relatively small high-velocity anomaly (H7 in Figures 8i, 8j, 9a, 9d, and 9e) is imaged in the south 
of the WVF. It is detached from the aforementioned high-velocity strip (H6) and disappears at greater depths, 
forming a distinct low-velocity zone near the WVF (L4 in Figures 8g–8j). Although the high-velocity anomalies 
A1 and H7 are smaller than the checkerboard test at corresponding depth (Figures 5i, 5j, 8i, and 8j), the restoring 
test (Figure S7 in Supporting Information S1) demonstrates that these anomalies are resolved.

5.  Discussion
5.1.  Pacific Plate Subduction

The subduction of the Pacific plate is a significant characteristic in Alaska, contributing to the distinct volcanism 
in southern Alaska and the Aleutian Islands. Our initial model (Section 3.2) is laterally varying but fairly simple 
and does not contain any subducting slab. From our inversion, we identify a substantial high-velocity anomaly 
(H6) in southern and central Alaska (Figures 8g–8l and 9a–9d), representing the subducting Pacific plate rela-
tive to the North America plate (Berg et al., 2020; Eberhart-Phillips et al., 2006; Feng & Ritzwoller, 2019; Gou 
et al., 2019; Jiang et al., 2018). This anomaly extends from the southern boundary of the study region to central 
Alaska at ∼65° latitude, with its upper boundary consistent with Slab2.0 (Hayes et al., 2018) (Figures 9a–9d).

We discuss two characteristics of this subducting plate. The first one is the distinct kink at about (−152°, 64°) 
(Figures  8i–8l, K1), which illustrates the complex geometry of the subducting Pacific plate. This change of 
subduction is suggested to be associated with the development of a slab tear (Jiang et al., 2018). The segmentation 
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Figure 8.
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of the subduction zone has also been observed in Ratchkovski and Hansen  (2002) by investigating the seis-
micity of the Wadati–Benioff Zone. Second, a strong high-velocity anomaly is imaged at the eastern edge of 
the subducting plate (Figures 8i and 8j, A1), east of the Wadati-Benioff zone. This portion is interpreted as an 
aseismic slab edge, which may result from a shallower basalt-eclogite transition caused by the localized heating 
of the lithosphere near the slab edge (Martin-Short et al., 2018). This aseismic slab edge has also been imaged by 
many other studies (e.g., Feng & Ritzwoller, 2019; Gou et al., 2019; Jiang et al., 2018; Martin-Short et al., 2016; 
Wang & Tape, 2014).

5.2.  Provenance of the Denali Volcanic Gap

A large-scale low-velocity anomaly (e.g., L2 in Figures 8c, 8d, and 9b–9d) is imaged beneath arc volcanoes in 
our results, which may reflect the arc magmatism associated with subduction of the Pacific plate. Tatsumi (1986) 
suggested that H2O released from peridotite in the subducting slab could reform amphibole peridotites, lower the 
solidus temperature of peridotites, and generate initial magmas that rise as a mantle diapir. Interestingly, the L2 
anomaly covers the Denali Volcanic Gap (DVG), a region marked by the absence of significant surface volcanism 
(McNamara & Pasyanos, 2002; Nayak et al., 2020; Rondenay et al., 2010). The DVG is identified as region H3 
(Table 1) and plotted in Figures 8e and 8f.

McNamara and Pasyanos (2002) found a high Vp/Vs ratio zone under the DVG that was similar to the Vp/Vs 
ratio structures beneath adjacent arc volcanoes. Their result implies that melting materials are deposited in the 
mantle wedge under the DVG. Accordingly, they suggested that upwelling of mantle materials may be prevented 
by increased crustal compression near the northern apex of the curving Denali fault, resulting in the absence of 
volcanic activity in the DVG. In addition, attenuation imaging results and thermal modeling studies report high 
temperature (>1200°C) in the mantle wedge under the DVG (e.g., Rondenay et al., 2008; Stachnik et al., 2004). 
These results indicate the potential conditions for producing partial melting, supporting the hypothesis that the 
melting materials in the mantle wedge cannot reach the surface. By contrast, Rondenay et al. (2010) suggested 
that there is no melt accumulation in this area. They inferred that shallow subduction of the Yakutat slab cools the 
mantle wedge below the DVG and prevents the formation of a “pinch zone.” This, in turn, reduces melt produc-
tion and inhibits magma generation and extraction, resulting in the absence of surface volcanic activities. An 
alternative model, proposed by Chuang et al. (2017), suggests that dehydration of the shallow-angle subducting 
Yakutat slab only occurs at its upper crust, inhibiting the release of fluids and the generation of partial melts in 
the mantle wedge.

In the past decade, newly deployed seismic stations and the development of inversion techniques have enabled us 
to illuminate the subsurface structure at a higher resolution. The hypothesis proposed by Rondenay et al. (2010) 
has gained more support as high-velocity anomalies have been revealed beneath the DVG (e.g., Berg et al., 2020; 
Jiang et al., 2018; Nayak et al., 2020). Our model also images a high-velocity anomaly (H3) in the mantle wedge, 
indicating the absence of partial melting beneath the DVG (Yang & Gao, 2020), which could support the conjec-
tures from Rondenay et al. (2010) or Chuang et al. (2017).

5.3.  The Wrangell Volcanic Field

The Wrangell Volcanic Field (WVF) is situated on the northeastern margin of the subducted Yakutat slab. This 
group of volcanoes is dominated by calc-alkaline lavas, which are characteristic of continental volcanic arcs 
(Martin-Short et  al.,  2018). The WVF began at ∼26 Ma with a northwestward evolution of eruptive activity 
(Richter et al., 1990), which may be connected with the shallow-angle subduction of the Yakutat slab (Finzel 
et al., 2011). Given the weakness of seismicity (Stephens et al., 1984) below 40 km beneath the WVF (Figure 8j), 
the existence of a subducting plate under the WVF, as well as the origin of the WVF, is debatable (Berg 
et al., 2020; Daly et al., 2021; Gou et al., 2019; Jiang et al., 2018; Martin-Short et al., 2016).

One hypothesis suggests that the WVF is driven by a possibly existing slab, called the Wrangell slab. Its exist-
ence is supported by some deep earthquakes beneath the WVF (Daly et al., 2021; Stephens et al., 1984) and 

Figure 8.  Horizontal cross-sections of the inverted Vp model at different depths. (a, c, e, g, i, and k) The absolute P wave velocity m10. (b, d, f, h, j, and l) The Vp 
perturbation model ln (m10/m00) relative to the initial model m00. Prominent velocity anomalies are labeled (Table 1). Light gray lines denote active faults. The 
Yakutat slab is outlined by thick gray lines. Red triangles are active volcanoes. Black stars represent the earthquakes used in the inversion. Additional earthquakes with 
magnitude ≥3.0 and depth ≥40 km between 1 January 2000 and 31 August 2021 obtained from the ANSS ComCat (https://earthquake.usgs.gov/earthquakes/search) are 
plotted as smaller gray dots in (i) to illustrate the Wadati-Benioff seismicity.
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further verified by several recent tomographic images (Gou et al., 2019; Jiang et al., 2018; Yang & Gao, 2020). 
Another hypothesis is that the WVF arises from slab edge mantle flow (Jadamec, 2016; Jadamec & Billen, 2010; 
Martin-Short et al., 2016; Venereau et al., 2019), which is supported by the presence of adakitic melts near the 
WVF (Brueseke et al., 2019; Preece & Hart, 2004). Some tomographic images also reveal a vertically continuous 

Figure 9.  Vertical cross-sections of the Vp perturbation model ln (m10/m00). Prominent anomalies are labeled in each section (Table 1). The black dashed lines are the 
Moho discontinuity. The red dot-and-dash line represents the upper boundary of the Pacific subducting plate. The black stars in each cross-section indicate earthquakes 
that occurred from 1990 to 2020, with magnitude greater than 5.0, and within 30 km of the cross section.
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low-velocity anomaly beneath the WVF (Martin-Short et  al.,  2016; 
Ward,  2015), which is interpreted as mantle flow and in support of this 
hypothesis.

In our results, a spatially small high-Vp anomaly (H7) is observed near the 
WVF at a depth of 125 km (Figures 8i, 8j, 9a, 9d, and 9e), which is below 
(or within) the subducting Pacific/Yakutat plate. The detected high-velocity 
anomaly has a subtle location that is similar to the Wrangell slab imaged by 
Gou et al. (2019) but differs from the area (exactly beneath the WVF) imaged 
by Jiang et al. (2018), suggesting that H7 could represent the Wrangell slab. 
On the other hand, given that the majority of H7 in our tomographic results 
lies inside the outlines of the Yakutat slab, we still cannot rule out the possi-
bility that H7 represents a high-velocity slab edge of the Yakutat slab (Berg 
et  al.,  2020; Martin-Short et  al.,  2018). Therefore, it is necessary to use 
higher-quality data set to explore the structure beneath the WVF in future 
works. In addition, our model shows a prominent gap (L4) of between the 
Pacific slab (H6) and high-velocity anomaly (H7) in the vicinity of the WVF 
(Figure 9a). Notably, the slab gap connects the WVF with the deeper mantle, 
which may provide a channel to transport mantle materials to surface volca-
noes (Gou et al., 2019). The crustal low-velocity anomaly L3 (Figures 8c, 
8d, and 9a) may represent widespread partial melting and high-temperature 
materials in the region of the slab gap.

6.  Conclusions
We employ the adjoint waveform tomography method using common-source double-difference traveltime data 
to construct a 3-D P-wave velocity model of the crust and uppermost mantle in Alaska. A primary advantage 
of using double-difference traveltime data is that they are not sensitive to structure near the earthquake source 
nor to the earthquake source parameters themselves (i.e., source time function and origin time). By merging the 
double-difference technique with 3D seismic wavefield simulations, we are able to employ more accurate physics 
than traditional ray-based methods. Our results illustrate the potential of wave equation-based double-difference 
adjoint tomography methods for imaging subsurface structures. By performing checkerboard and restoring reso-
lution tests that employ the same source-station coverage and 3D wavefield simulations as the real inversions, we 
provide a foundation for interpreting the results of our tomographic model.

Our model clearly reveals the Pacific plate subducting relative to the North America plate. Furthermore, a slab is 
detected at the eastern edge of the Pacific subducting plate, within a seismicity gap, suggesting the presence of 
an aseismic slab. Our tomographic model also contributes to a better understanding of the relationship between 
volcanism and subduction in Alaska. The first is the high-velocity zone revealed at a depth of 65 km under the 
DVG. It suggests a cold mantle wedge that could lead to a thickened lithosphere and prevent the formation of 
surface volcanoes. Second, the potential Wrangell slab (or the high-velocity slab edge of the Yakutat slab) is 
imaged as a high Vp anomaly near the WVF, which promotes volcanic accumulation in the WVF. Specifically, 
a slab gap is observed near WVF that could serve as a channel for the upward transit of hot mantle materials, 
feeding volcanoes on the surface. These imaging results enhance our understanding of the interaction between 
subducting plates and volcanoes.

Data Availability Statement
The seismic waveform data are available at the IRIS DMC (https://ds.iris.edu/ds/nodes/dmc/). The Alaska 
Earthquake Center (https://earthquake.alaska.edu/) and the National Earthquake Information Center of the 
United States Geological Survey (https://earthquake.usgs.gov/earthquakes/search/) provide high-quality 
arrival time data used in this study. These data can also be obtained using the Python library “libcomcat” 
(https://doi.org/10.5066/P91WN1UQ). Most figures are made with the Generic Mapping Tool (Wessel & 
Smith, 1991).

Table 1 
Tomographic Anomalies Labeled and Discussed in This Study

Label Location Depth (km) Figures

L1 Brooks Range 5–50 Figures 8c, 8d, and 9f

L2 Arc volcanoes 5–50 Figures 8c, 8d, and 9b–9d

L3 Wrangell Volcanic Field 5–145 Figures 8c–8l, 9a, and 9e

L4 Slab gap 95–125 Figures 8g, 8i, 8h, and 8j

H1 Yakutat terrane 5–30 Figures 8a, 8b, and 9d

H2 Central Alaska 35 Figures 8c and 8d

H3 Denali Volcanic Gap 65 Figures 8e and 8f

H4 Northeast Alaska 40–145 Figures 8g–8l and 9f

H5 North American Craton 40–145 Figures 8g–8l, 9e, and 9f

H6 Subducting Pacific plate 95–145 Figures 8g–8l and 9a–9d

H7 Wrangell Volcanic Field 125 Figures 8i, 9a, 9d, and 9e

A1 Aseismic slab edge 125 Figures 8i and 8j

K1 Kink of the slab 125 Figures 8i and 8j
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