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Abstract South-central Alaska features a history of massive volcanic activity. How the Denali volcanic gap
(DVG) formed and why the Wrangell volcanoes are clustered remain vigorously debated. Investigating the
crustal thermal structure can be crucial for understanding subsurface magmatic activity. We present a high-
resolution broadband Lg-wave attenuation model to constrain crustal thermal anomalies beneath Alaska. Strong
Lg attenuation is observed beneath the volcanoes in south-central Alaska, indicating thermal anomalies and
possible melting in the crust. In contrast, the central Yakutat terrane (YT) and DVG are characterized by weak
Lg attenuation, suggesting the existence of a cool crust that prevents hot mantle materials from invading the
crust. This cool crust is likely the reason for the DVG. Quarter-toroidal crustal melting with strong attenuation is
revealed around the YT. This curved zone of crustal melting, possibly driven by toroidal mantle flow, weakly
connects the Wrangell and Buzzard Creek-Jumbo Dome magmatic chambers.

Plain Language Summary The Alaskan mainland is located at the western end of the North
American plate. This region is adjacent to the Bering Sea to the west and overlies the subducting Pacific Plate to
the south. The Yakutat microplate subducts northward below Alaska with a velocity similar to that of the Pacific
plate but with a lower angle. Many volcanoes have developed in south-central Alaska, including those in the
Aleutian arc, the Buzzard Creek-Jumbo Dome, and the Wrangell volcanic field (WVF). However, the origins,
storage and transport patterns of the magmas feeding these volcanoes are still unclear and under debate. In this
study, we conduct Lg-wave attenuation tomography on the Alaskan mainland and use the results to investigate
the regional crustal thermal structure. The imaging results reveal a cold Yakutat terrane and hot crustal features
beneath the volcanoes. The Denali volcanic gap is characterized by weak crustal attenuation, indicating that cool
crust may have inhibited volcanic activity. Quarter-toroidal crustal melting is revealed by a curved belt of strong
attenuation. The crustal magmatic chambers may weakly connect the WVF and the Buzzard Creek-Jumbo
Dome volcanoes.

1. Introduction

The Alaskan mainland overlies the subducting Pacific plate and Yakutat microplate as they subduct beneath the
southern margin of the North American plate (Figure 1a). As an accreted section of an oceanic plateau, the
Yakutat terrane (YT) originated from the Kula—Farallon spreading ridge at approximately 50 Ma, migrated
northward along the Queen Charlotte-Fairweather fault system, and formed flat-slab subduction with clear
Wadati—Benioff Zone seismicity (Chuang et al., 2017; Daly et al., 2021; Davis & Plafker, 1986; Eberhart-Phillips
et al., 2006; Plafker et al., 1994). The Yakutat and Pacific plates move in similar directions and at similar ve-
locities (Elliott et al., 2010; Leonard et al., 2007). Complex plate coupling has introduced intense intraplate
deformation, abundant seismicity, active surface volcanism, and complex subsurface magma storage and
transport patterns.

South-central Alaska features massive volcanoes of different types, including intraplate volcanoes, Aleutian arc
volcanoes, and a group of densely clustered volcanoes called the Wrangell volcanic field (WVF). Volcanoes are
distributed along the Aleutian arc, starting from the western Aleutians and extending eastward to Alaska, but are
absent within an ~400 km wide zone known as the Denali volcanic gap (DVG) in south-central Alaska. On the far
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Figure 1. (a) Regional tectonic setting. The black lines are major fault systems (Koehler, 2013; Wilson et al., 2015). The
red triangles denote locations of volcanoes in Alaska younger than 2 million years (Cameron & Crass, 2022). The Slab 2.0
model provided the depth isobaths (with an interval of 20 km) of the subducting Pacific slab (Hayes et al., 2018). The
location of the Yakutat Terrane is bounded by the blue polygon (Eberhart-Phillips et al., 2006). The white vectors indicate
the motion velocities and directions of the Pacific and Yakutat plates (Elliott et al., 2010; Leonard et al., 2007). BR:
Brooks Range, BJV: Buzzard Creek-Jumbo Dome volcanoes, CC: Canadian Cordillera, DF: Denali Fault, DVG: Denali
volcanic gap, KP: Kenai Peninsula, PAC: Pacific Plate, WVF: Wrangell Volcanic Field, YAK: Yakutat Plate, YT: Yakutat
Terrane. (b) Map showing the locations of the stations (triangles, diamonds, and pentagons) and earthquakes (circles) used
in this study. Network names are indicated at the bottom of the figure, and their information is listed in Tables S1 and S2
in Supporting Information S2.
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side of the gap, the Buzzard Creek-Jumbo Dome volcanoes (BJV) developed at ~147° W (Figure 1a). The abrupt
absence of volcanic activity in the DVG remains poorly explained due to the ambiguous lithospheric structures
there. The wedge-shaped Yakutat plate is subducting under the DVG at a relatively low angle, which may have
cooled the mantle wedge and hindered the hot asthenosphere from promoting volcanism (e.g., Abers, 2008;
Christeson et al., 2010; Chuang et al., 2017; Finzel et al., 2011; Martin-Short et al., 2018). However, previous
studies have failed to reach a consensus regarding the exact velocity structures beneath the DVG. For example, a
high-velocity upper mantle has been observed beneath the DVG (Jiang et al., 2018; Liang et al., 2024; Ward &
Lin, 2018; Yang & Gao, 2020), suggesting that molten magmatic materials do not exist. In contrast, some
tomographic results revealed low-velocity anomalies in the mantle wedge beneath the volcanic gap (Feng &
Ritzwoller, 2019; Gou et al., 2019; Martin-Short et al., 2018), leading to the opposite conclusion that hot magma
may have been generated but has not yet been transported to the surface to form volcanism. The question arises as
to whether magmatic material exists in the crust under the DVG. It is necessary to provide additional data to
further investigate the differences between regions with and without active volcanism.

On the eastern edge of the Yakutat plate, the WVF extends northwestward for approximately 500 km, from
Canada to south-central Alaska, and is composed of large andesitic shield volcanoes and voluminous calc-
alkaline volcanic rocks (Preece & Hart, 2004; Richter et al., 1990). The formation of the WVF is under
ongoing debate. Although the WVF is generally characterized by continental arc volcanism, geochemical evi-
dence of adakites suggests the occurrence of slab-edge melting and asthenospheric upwelling related to Yakutat
subduction (Brueseke et al., 2019; He & Lii, 2021; Martin-Short et al., 2018; Preece & Hart, 2004). The Wrangell
magmatism may have originated from melted mantle materials carried by potential toroidal mantle flow around
the slab edge, as supported by numerical simulations (Jadamec & Billen, 2010) and seismic anisotropy obser-
vations (Christensen & Abers, 2010; Feng et al., 2020; Hanna & Long, 2012; McPherson et al., 2020; Venereau
et al., 2019). A controversial high-velocity slab fragment called the Wrangell slab has been suggested to exist
beneath the WVF and represents another possible magmatic origin of the WVF (Daly et al., 2021; Esteve
etal., 2021; Gou et al., 2019; Jiang et al., 2018; Yang & Gao, 2020). Thus, detailed documentation of the crustal
thermal structure could provide new constraints on the development of Wrangell volcanism.

Seismic attenuation, or the quality factor Q, usually provides good constraints on the viscoelastic structure and is
sensitive to thermodynamic processes in the lithosphere, such as partial melting and high-temperature magmatism
(Boyd et al., 2004; Dalton et al., 2009; Debayle et al., 2020). Several seismic attenuation studies have been
conducted for this region (e.g., Hearn, 2021; Mahanama & Cramer, 2023; McNamara, 2000; McSweeney
et al., 1991; Soto Castaneda et al., 2021; Stachnik et al., 2004). However, limitations of resolution and certain
differences between these results make it challenging to achieve a unified understanding for the aforementioned
issues. Regional Lg-waves propagating in the continental crust waveguide are an ideal phase for investigating
crustal attenuation. In this study, based on vertical-component waveform data recorded by 20 permanent and
temporary seismic networks in Alaska, we established a broadband crustal Lg-wave attenuation model for Alaska
and nearby regions. By linking the observed low-Q; , anomalies with surface volcanic activity and deep magmatic
origins and transport, we attempt to explain the formation of the DVG and WVF and their relationships with the
Yakutat subduction system.

2. Data and Methods
2.1. Regional Waveform Data

This study utilized 397 permanent and temporary stations deployed across Alaska and northwestern Canada
(Figure 1b). We selected waveforms from 242 crustal earthquakes that occurred between January 2000 and July
2021 with known focal mechanisms in the Harvard Centroid Moment Tensor Catalog (CMT) (Ekstrom
et al., 2012). The magnitudes of the earthquakes were within 4.3 < m,, < 6.5, and the epicentral distances varied
from 200 to 2,000 km. Detailed station and earthquake information is listed in Tables S1-S3 in Supporting
Information S2.

2.2. Lg-Wave Spectral Amplitude

The Lg-wave spectral amplitude can be calculated following Zhao et al. (2013). As illustrated in Figure 2a, in a
regional seismic record, the Lg-wave is usually the most prominent phase and carries the most energy around
1.0 Hz. The energy distribution in the arrival time-frequency domain is illustrated in a displacement spectrogram,
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Figure 2. Spectral amplitude measurement of the Lg-wave. (a) Velocity seismogram from a regional event that occurred on 27 October 2018, recorded at station AK.
ANM. The gray, red, and blue time windows sample the pre-event noise, Pn signal, and Lg signal, respectively. (b) Time-frequency displacement spectrogram of the
sample seismogram. (c) Spectra of Lg and pre-event noise. (d) Signal-to-noise ratio (SNR). Lg data with an SNR <2.0 are discarded and represented by gray dots.

which is calculated using a 20-s windowed Fourier transform moving at a 2-s time step (Figure 2b). The Pn energy
is mainly distributed at 2.0-10.0 Hz, and the Lg energy is dominant between 0.2 and 8.0 Hz. The pre-event noise
is usually very weak compared to that of the regional phases. Figure S1 in Supporting Information S1 shows a
profile recorded from an earthquake that occurred on 27 October 2018, and the Lg signals are shown in the figure.
Based on the spectrogram, we use a 0.6 km/s-long group velocity window to locate the Lg signal. By scanning the
waveforms using a sampling window between 3.7 and 2.9 km/s, the section of the waveform with the maximum
energy is identified as the Lg signal (Yang et al., 2023; Zhao et al., 2013). The spectral amplitudes of the Lg-wave
and pre-event noise series were calculated using the fast Fourier transform (Figure 2c). The signal-to-noise ratio
(SNR) was calculated by A_,(f)/A,.is.(f) at each frequency. We used an SNR >2.0 as the threshold for data
quality control, and data points below this threshold were excluded (Figure 2d). Finally, the equation
AX(f) = A2, (f) — A2, (f) was used to remove the noise effect and obtain the Lg-wave spectral amplitudes for
inversion (Ringdal et al., 1992).

The spectral amplitude of the Lg-wave can be expressed as (Xie, 1993)

Au(f) = S(F) - Gu(A, f) - Tw(A, ) - Pi(f) - ra(f)s )]
where A(f) is the displacement spectral amplitude recorded at station i from event k, f'is the frequency, S(f) is
the source spectrum, G(A, f) is the geometrical spreading factor, I'(A, f) is the attenuation term, P(f) is the site
response and 7(f) is the random error in the data. The Brune displacement source term S(f) can be further

-1
expressed as S(f) = My/4zpp - [1 + ]fé] (Sereno et al., 1988), where M|, represents the seismic moment; p is

the density, with a value 2.7 g/cm® used for the crust; f is the average crustal shear-wave velocity, with a value
of 3.5 km/s for Alaska (Berg et al., 2020); and f, is the corner frequency. The geometrical spreading is

G = (A A2, with A representing the epicentral distance and A, representing a reference distance fixed at

100 km (Pasyanos et al., 2009; Street et al., 1975; Zhao et al., 2013). The attenuation term I'(A, f) can be

expressed as L f) = exp|—= ) , where )= 45 15 an integral over the great circle raypath.
pressed as T'(A p[-%B(A here B(A gy 1s an integral he great circle raypath. If

an event is recorded by two stations i and j within a small azimuth range (<15°), a two-station spectral ratio can
be calculated
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A (AN (P AN f (1 ds
i (_;) r; (_;) = <_l) “exp [_”f ] ©)
4 \4; P A; B J; 0 y.f)
where I';; represents the contribution of attenuation over the great circle between stations i and j.
2.3. Oy, Inversion
Single-station amplitude data can provide dense raypath coverage, while two-station amplitude ratio data can
reduce the tradeoff between the source and attenuation. Combining both can improve the resolution and confi-
dence of the inversion result. We linearize Equations 1 and 2 in the logarithmic domain to establish the single- and
two-station inversion systems. For the single-station data set, applying the natural logarithm to Equation 1, we
have
=
In[A()] = In[G(A, )] = In[S(/)] - ﬂB(A ) 3)
where the site and random terms are neglected. The attenuation and source function can be further separated into a
background part and the perturbation
1 1 5Q(x, y. f)
Mo . )
Q(X, y7f) Q (X, y’f) [Q ()C, y,f)]
and
In[S(/)] = In[$(/)] + 6 In[S(P)] ©)
Therefore, Equation 3 can be further expressed as
50 0 g
I[A()] — In[G(A. )] = In[$°(f)] +° B (A, f) = 8In[S(f)] - ?5B(A,f), (6)
where variables with superscript 0 denote their values in the initial model or the intermediate model between
iterations, 6B is the perturbation of the attenuation term B(A, f), dIn[S(f)] is the perturbation of the logarithmic
Lg-wave source function, and
0. y.f) ,
SB(A. f) = Z [ oo, 0
[Q°x v, f)]
where g and G represent the grid number and the total number of grids along the raypath, respectively. The
integral in Equation 7 was calculated using the bilinear function in each inversion cell
4
O(x. y) = 2, apwy(x. y). (8)
p=1
where wy = 1, w, = x, w3 =y, w, = xy, and a,, are the interpolation parameters obtained from Q;, values. For
multiple sources and stations, we combine Equations 6 and 7 into a linear system:

H; =A;-60 +E-5S, )
where H, is a vector composed of residuals between the observed and synthetic Lg spectra and 5Q and S are the
perturbations of Q;, and the source term, respectively. Its elements are as follows:
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hy = In[A;()] = [1H[G,-(A,f)] +1In[SY(N)] — %B,-O(A,f) , (10)

where h; s the residual between the observed logarithmic Lg spectral amplitude In[A,(f)] recorded at station i, and
synthetic Lg spectra [1n[Gj(A, N+ ln[Sg( f)] - ’;-—;B}’(A, bd) ], composed of the attenuation term B(A, f), source

term S(f) and geometrical spreading term G(A, f). The inversion is conducted by minimize the /;. The matrices
A, and E establish the relationships between 6Q and H, and between 6S and H,, respectively. Similarly, we can
create a linear system for the two-station data set

H, =A;-60, an
where H, is a vector composed of residuals between the observed and synthetic spectral ratios and the matrix A,

can be obtained by discretizing Equation 2. The related residual between the observed and synthetic Lg spectra
ratio can be further expressed as

hyj = In[A;(f)] = In[A;(f)] —

I[Gi(A. )] — In[Gy(A. /)] — ’;—f f, ﬁ] (12)

where In[A,(f)]-In[A/(f)] is the observed logarithmic spectral amplitude ratio between stations i and j, and

In[G(A, £)] — In[G(A, )] — %jj"ﬁ;,f)] is the synthetic Lg spectra ratio. Combining Equations 9 and 11, we

H;
H,
To solve the inverse problem, an iterative inversion method was adopted. Single- and two-station data are jointly
solved by the least squares orthogonal factorization (LSQR) inversion method (Paige & Saunders, 1982) at each

obtain a joint tomography equation

A
Ay

- 5S. (13)

[
50 +
0

frequency independently. The residual vector between the observed and synthetic spectral amplitudes, b = [ s],
t

A, E

can be obtained to solve the model modification vector, m = [ ] A coefficient matrix, A = , can be
oS

t
used to simplify Equation 13 as:

Am =b. (14)
During each iteration, §Q remains small, while Q° is iteratively updated until the rms residual of the amplitude
becomes stable (Figures S2 and S3 in Supporting Information S1). The inversion starts from a unit source

function, and a constant initial Q;, model obtained by linear regression of the interstation data (Figure S4 in
Supporting Information S1) (Zhao et al., 2013). During the inversion, a damping parameter 4 is used for regu-

ikl

where I is an identity matrix. We determined the damping parameter 4 by considering the tradeoff between

larization by minimizing the following:

15)

2

variance reduction and the model norm. Based on the simplified inversion matrix equation Am = b, the L-curve
was obtained using the residual norm ||Am — b||, versus the model norm ||m||, with different damping parameters
(Figure S5 in Supporting Information S1). Smaller damping values were used in subsequent iterations to ensure a
better data fit while preserving robust anomaly features. During each iteration, we also applied first-order linear
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smoothness constraints to the solution along the longitudinal and latitudinal directions (e.g., Zhao et al., 2010).
Based on the iterative use of Equation 13, the inverted source functions, seismic moment, and corner frequency
for each event are shown in Figure S6 and Table S3 in Supporting Information S1 and S2. During the inversion,
we assumed the sum of the perturbations of site responses (in logarithmic form) Zf\;l Sln P; = 0 and simulta-
neously controlled the relative variation in site responses during the inversion. We then pushed the unsolved
postinversion residuals into the site term (Otteméller et al., 2002; Zhao & Mousavi, 2018). That is, the site
response for each station was finally determined based on both the obtained source and attenuation terms (Figure
S7 in Supporting Information S1). Compared to the initial model, the data residuals after the inversion are close to
the unbiased normal distribution, and the root mean square (rms) of the data are significantly reduced (Figure S8
in Supporting Information S1).

3. Results

Crustal Lg-wave attenuation models were obtained at 58 individual frequencies between 0.01 and 10.0 Hz. The
lateral variations in Q,, correlated well with regional tectonics at individual frequencies. Figures 3a-3c show
examples of Q,, maps at 0.5, 1.0, and 2.0 Hz, respectively. In most areas of the mainland with dense raypath
coverage, the resulting resolution reaches 1.0° X 1.0° at most frequencies (Figures 3e—3f and Figures S9 and S10
in Supporting Information S1). Overall, the Q, , values exhibit similar frequency dependencies in the study region
(Figure 4), including the Arctic Alaska Terrane (AAT), the Ocean Domain Terranes (ODT), Central Alaska (CA),
the Yukon Composite Terrane (YCT), and the Wrangellia Composite Terrane (WCT) (Colpron et al., 2007;
Martin-Short et al., 2018). Compared to the lower and higher frequency bands, the band between 0.5 and 2.0 Hz
features significant development of Lg-wave energy (Figure 3b), and the Q. values within this band are
representative of the abovementioned five blocks (Figure 4g). Therefore, we calculated the logarithmic average of
the O, , values between 0.5 and 2.0 Hz to obtain a broadband Q,, model (Figure 3d). The broadband Q,, value
spans a range from 10 to 600 in the Alaskan region. In this frequency band, the energy within the 3.7-2.9 km/s
group velocity window primarily originates from Lg waves rather than from low-frequency surface waves
(Figure 2b). This technique reduces the influence of surface waves on the measurement of Lg-wave amplitudes.
Higher O, , values were observed beneath the Brooks Range and the western WCT. The crust under the Canadian
Cordillera in the east features high Q, , values (>400), while the crust beneath the ODT in western Alaska, the
Aleutian volcanic arc, the BJV and the WVF in southern Alaska exhibits low Q, , (<200) values. The DVG had a
slightly greater Q,, than the surrounding volcanic regions. Previous Lg-wave attenuation models also revealed
similar low-Q, , zones beneath the WVF and arc volcanoes, as well as high-Q; . crust under the Brooks Range and
the Canadian Cordillera (Hearn, 2021; Mahanama & Cramer, 2023), corresponding well to our broadband
attenuation distributions. Low heat flow (<60 mW/m?) was speculated to occur in the AAT, and high heat flow
(>90 mW/m?) was speculated to occur in south-central Alaska (Batir et al., 2016), correlating with the attenuation
results over a broad area.

The uncertainty in the results can be affected by the ray coverage, data processing method, inversion system, etc.,
and is difficult to quantify. The bootstrapping technique (Efron, 1983) was used to investigate the stability. We
randomly selected 80% of the raypaths from all single- and two-station data to form a partial data set and used it in
the inversion. We repeated this process 100 times, followed by statistical analysis of these partial. Based on the
comparison of Figure Sa with Figures 3b and 5S¢ with Figure 3d, the mean Q;, map is consistent with the result
inverted using the full data set. The spatial distribution of the standard deviation is shown in Figures 5b and 5d. In
most areas, the standard deviations are significantly smaller than their mean values, validating the robustness of
the data control and inversion system. Larger uncertainties mostly exist at the periphery with sparse ray coverage
(refer to Figure S9 in Supporting Information S1). In addition, the broadband attenuation model has a smaller
uncertainty (SD < 25) than that from a single frequency (SD < 60), indicating that averaging over frequencies can
increase stability.

4. Discussion

4.1. Comparison Between the Crustal Attenuation Model and Existing Attenuation and Velocity Models

Previous researchers have conducted seismic attenuation studies in this region (Hearn, 2021; Mahanama &
Cramer, 2023; McNamara, 2000; McSweeney et al., 1991; Soto Castaneda et al., 2021; Stachnik et al., 2004). The
2-D attenuation model beneath the YT shows two strong attenuation (low Q) zones in the mantle wedge, including
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Figure 4. Frequency-dependent Q, , for selected blocks. (a) Map showing the boundaries of composite terranes in Alaska (Colpron et al., 2007; Martin-Short
et al., 2018), including the Arctic Alaska Terrane (AAT), the Ocean Domain Terranes (ODT), Central Alaska (CA), the Yukon Composite Terrane (YCT) and the

Wrangellia Composite Terrane (WCT).

(b—f) Inverted Q, , values versus the frequency (blue crosses) for individual blocks, along with their mean values within narrow

frequency bands (open circles) and logarithmic standard deviations (error bars). The Q,, at 1.0 Hz (Q,) are labeled in each panel. (g) Comparison of Q, ,-frequency
curves for different blocks, in which attenuations in the shaded band between 0.5 and 2.0 Hz are selected to calculate a broadband QLg.

a hot convecting mantle and an area of dehydration in the Yakutat crust (Stachnik et al., 2004). Teleseismic body-
wave attenuation also revealed a hot mantle wedge and cold forearc in the Yakutat subduction system (Soto
Castaneda et al., 2021). McNamara (2000) developed a frequency-dependent power law model for Lg-waves in
south-central Alaska: Q(f) = 220(x30)f*°®%9 where Q, = 220(+30) is consistent with the Q, value in the
WCT (Figure 4f). Hearn (2021) conducted Lg-wave attenuation tomography for the Alaskan mainland and
identified a strong attenuation zone beneath the WVF, which is consistent with our attenuation model. Previous
Lg-wave attenuation models also revealed similar high-Q;, crust under the Brooks Range and the Canadian
Cordillera regions (Hearn, 2021; Mahanama & Cramer, 2023).

The observed Lg-wave attenuation in this study includes both intrinsic attenuation and scattering attenuation (e.g.,
Shearer, 2009). Intrinsic attenuation can result from the partial melting and high-temperature properties of deep
crust materials, and scattering attenuation can be a consequence of complex structures in the upper crust.
However, distinguishing between the two attenuation mechanisms based on the methods used and limited ob-
servations is difficult. In addition, many factors affect Lg-wave attenuation. For example, high Lg attenuation
may be caused by water-rich layers in southern Tibet (Xie et al., 2004) and may be produced by sedimentary
basins in the eastern US (Mitchell & Hwang, 1987). Therefore, we combine the observed strong apparent Lg
attenuation with other geophysical anomalies, including low seismic velocities and high heat flow, to constrain

Figure 3. Crustal Lg-wave attenuation model of the Alaskan mainland. (a—) Selected crustal Q,, images at 0.5, 1.0, and 2.0 Hz, respectively. The dashed black lines

represent the major fault systems. The
(d) Broadband Q, , images between 0.5

black triangles denote volcanoes. Q;, images at 3.0 and 5.0 Hz are shown in Figure S11 in Supporting Information S1.
and 2.0 Hz. ARV: Aleutian arc volcanoes; BJV: Buzzard Creek-Jumbo Dome volcanoes; WVF: Wrangell Volcanic Field; YT:

Yakutat Terrane. (e) 1.0 Hz ray density distribution, counts per 50 X 50 km element. The raypath distribution is shown in Figure S12 in Supporting Information S1.
(f) 1° X 1° checkerboard resolution test at 1.0 Hz. Please refer to Figures S9 and S10 in Supporting Information S1 for more checkerboard tests with different input

amplitudes.
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Figure 5. (a, ¢) The mean values of the 1.0 Hz and broadband (0.5-2.0 Hz) Q;, maps, respectively, obtained from the bootstrapping technique. (b, d) The standard
deviations of the 1.0 Hz and broadband Q, , maps, respectively.

the distribution and location of high temperatures. The lateral variation in crustal Lg-wave attenuation is
consistent with previous P- and S-wave velocity models (e.g., Berg et al., 2020; Feng et al., 2020; Jiang
et al., 2018; Nayak et al., 2020; Ward & Lin, 2018). Combining attenuation and velocity information can
significantly improve the understanding of subsurface thermodynamics. In south-central Alaska, three low-Q,
anomalies are revealed beneath the Aleutian arc volcanoes, the BJV and the WVF (Figure 3d). In the upper crust
(~10 km depth), the P- and S-wave velocity models revealed low-velocity zones beneath the BJV and the WVF
(Figures S13 and S14 in Supporting Information S1). They correspond to strong Lg-wave attenuation zones in
these regions. The crust beneath the central YT is characterized by high-Q, , and high-velocity features. The cold
YT with high Q;, values approximately terminates on the west side of the WVF. There are also some differences
in the DVG between the velocity and attenuation results. The Lg-wave attenuation model revealed a relatively
weak attenuation zone corresponding to the inactive volcanic region, where the velocity features in the upper crust
remain controversial. In the middle and lower crust (~25 km depth), most of the P- and S-wave velocity models
are consistent with each other (Figures S15 and S16 in Supporting Information S1). Extensive low-velocity
anomalies beneath the WVF correspond to a strong Lg-wave attenuation zone. The central YT is characterized
by high velocities. Note that the Lg-waves sample the whole crust. Accordingly, the Oy, results are for the entire
crust, without sufficient depth resolution. Therefore, combining depth-dependent velocity structures can help
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Figure 6. Crustal attenuation structure in the Yakutat terrane (YT). (a) Broadband Lg-wave attenuation model of the YT. The Yakutat microplate is bounded by the blue
polygon, and the unsubducted part is marked by shading and is outlined with a black line (Eberhart-Phillips et al., 2006). (b) Cross-sections comparing different
observations, with the surface traces marked by the thick dashed polyline A;-A,~A; in (a). (top) The surface topography and volcanic activity. (middle) Q;, versus
frequency. The contours with Q;, = 200 are marked as red dashed lines. (bottom) Shear-wave velocity profiles (Berg et al., 2020). The Moho discontinuity was
extracted from the CRUST1.0 model (Figure S17 in Supporting Information S1) (Laske et al., 2013). The vertical axis of the attenuation cross-section is frequency
rather than depth. CYT: central Yakutat terrane, HQZ: high-Q, , zone, LQZ: low-Q, , zone, HVZ: high-velocity zone, LVZ: low-velocity zone.

locate the origins of attenuation anomalies. On the other hand, the close correlation between strong Lg-wave
attenuation and volcanism ensures a tighter constraint on the spatial variation in thermal features than on the
spatial variation in velocity distributions.

4.2. Crustal Thermal Structure in the Yakutat Terrane

The Yakutat region in southern Alaska has a corner-shaped tectonic structure at the end of the subducting Pacific
plate and is adjacent to strike-slip faults to the east. The entire Yakutat microplate, or terrane, includes both the
subducted and unsubducted parts (Eberhart-Phillips et al., 2006; Worthington et al., 2012). As shown in Figure 6a,
the Yakutat microplate subducted beneath south-central Alaska at a shallow angle from the early Oligocene to the
middle Miocene, and its northern boundary approximately reaches the Buzzard Creek region (Eberhart-Phillips
et al., 2006; Finzel et al., 2011). The southeastern unsubducted YT (shadow zone in Figure 6a) is a region of over
thickened oceanic crust that extends from 146°W to 137°W and is generally referred to as a young oceanic plateau
(Bruhn et al., 2004; Christeson et al., 2010; Pavlis et al., 2004; Plafker et al., 1994). According to the crustal Lg
attenuation model, the unsubducted YT and the overlying crust above the underthrusting Yakutat microplate
exhibit completely different attenuation structures. As illustrated in Figure 6b, the offshore YT shows an
extensive low-Q, . anomaly over a wide frequency range, which is consistent with low velocities in the crust (Berg
et al., 2020). Note that the vertical axis of the attenuation cross-section is frequency rather than depth. The
crystalline crustal thickness of offshore Yakutat ranges from ~15 to ~30 km based on seismic reflection and
refraction profiles (e.g., Christeson et al., 2010; Worthington et al., 2012). It is reasonable to conclude that the
propagation efficiency of Lg-waves is poorer in thick oceanic crust than in continental crust. According to seismic
tomography and receiver function images, the subducted Yakutat crust features a LVZ ~15-20 km thick below
the Alaska range. The overlying crust above the subducted Yakutat microplate exhibits relatively weak attenu-
ation features over a wide frequency band, which also aligns with high velocities in the crust (Figure 6b).
Therefore, flat-slab subduction may have cooled the mantle wedge and inhibited the upwelling of hot mantle into
the crust. Farther north, the Jumbo Dome-Buzzard Creek volcanoes developed above the northern edge of the
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Figure 7. Comparison among frequency-dependent Q, seismic velocity and volcanic activity. (a) Broadband Lg-wave attenuation map of south-central Alaska. Three
selected cross-sections are marked with thick dashed lines. (b-d) Cross-sections A-A’, B-B” and C-C” showing volcanic activity and surface topography (upper), O, ,
versus frequency profiles (middle), and shear wave velocity profiles (bottom) (Berg et al., 2020). The vertical axis of the attenuation cross-section is frequency rather
than depth. The contours with @, , = 200 and AV = —2% are marked as red dashed lines. The Moho discontinuity in the velocity cross-sections is from the CRUST1.0
model (Laske et al., 2013).

Yakutat plate, where the crust shows low-Q, . anomalies. The cooling of the mantle wedge caused by the Yakutat
plate may terminate near the Jumbo Dome-Buzzard Creek region.

4.3. Is There Crustal Melt Beneath the Denali Volcanic Gap?

In south-central Alaska, the areas featuring strong Lg-wave attenuation are fully consistent with the volcanic
activity surrounding the YT (Figure 7), indicating potential magma chambers in the crust. Figures 7b-7d
compare cross-sections of Q. versus frequency and velocity versus depth (Berg et al., 2020) through volca-
nic areas, with the surface traces shown as dashed lines in Figure 7a. Both cross-sections A-A’ and B-B’ reveal
large volumes of accumulated crustal melt corresponding to low Q,, values and low velocities beneath the
Aleutian arc volcanoes on the western side of the Yakutat microplate. Aleutian arc volcanism is generally
attributed to Pacific subduction (Nakamura et al., 1977). Along cross-section B-B’, deeper low-velocity melts
feed the crust, corresponding to strong attenuation at lower frequencies. This finding suggests that arc mag-
matism originates from the deep mantle. Compared with the Aleutian and Wrangell volcanoes, the BJV has a
smaller scale (Figure 7d). As illustrated in Figure 8, high-resolution P-wave velocity tomography constrains the
patterns of the subducting Pacific, Yakutat, and Wrangell slabs (Gou et al., 2019). The BJV has developed

YANG ET AL.

12 of 19

8518017 SUOWIWIOD 3AeaI0 3|eo! dde au Ag pausenoh ae ssjoiie VO ‘88N JO SaInJ 10} AreIq1T8UlUO A8]IAA UO (SUOIPUOD-pUe-SWIsl W00 A3 1M A ReIq Ul |uo//Stiy) SUORIPUOD pue swie | 8us88s *[1202/60/2z] uo Aridiauliuo Ajim ABojoeo JO uonmisul Aq #0T6208rY202/620T OT/10p/L0d A8 im Areiqijeul|uo'sgndnbe;/sdny woiy pepeojumod ‘6 ‘¥20Z ‘95E669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2024JB029104

(m)

Elev.

Depth (km) = Frequency (Hz)

2000

0.5

0.2
0.1

100
200
300

-150° -145° -140° -155° -150° -145° -140°

Qe g Salig dkial Wrangell slab
10 150 300 450 600 )
© _ (d)
g 4000
BCJD = BC_ID AT A
. \4'1‘\ 3 2008 A wE VT~
E R —
L q
T, p > =i
— o = = o __..‘ —— |
— __ § 0.5 =t
' i g 0.2 ri
L = 0.1
tat slab = 199 %ﬁ s
£ 200 | = Wrangell slab
’ L t§) L | ’
2 D = 300 LEEERT £
200 400 600 0 200 400 600 800
Distance (km) Distance (km)

Figure 8. Comparison between the Lg-wave attenuation and P-wave velocity. (a) Attenuation map. Thick dashed lines mark surface traces of two selected cross-sections,
D-D’ and E-E’. (b) Depth contours of the subducted Pacific/Yakutat and Wrangell slabs based on the Wadati—Benioff zone seismicity and P-wave velocity tomography
(modified from Gou et al., 2019). (c—d) Cross-sections D-D” and E-E’. (top) Surface topography and volcanism, (middle) Q;, versus frequency, and (bottom) P-wave
velocity profiles (Gou et al., 2019). The vertical axis of the attenuation cross-section is frequency rather than depth.

above the northeastern edge of the Yakutat microplate, where the plate has subducted to ~100 km deep
(Figure 8c). Therefore, it is possible that the crustal melts beneath the BJV originated from mantle upwelling in
front of the Yakutat slab.

Between the BJV and Aleutian volcanic arc, the absence of magmatism is usually attributed to cooling caused
by the flat-slab subduction of the Yakutat microplate. However, whether melt exists beneath the DVG is
under ongoing debate. Some velocity tomography studies have revealed a fast mantle wedge beneath the DVG
(Jiang et al., 2018; Liang et al., 2024; Ward & Lin, 2018; Yang & Gao, 2020), but other observations have
suggested a low-velocity mantle wedge beneath the DVG (Feng & Ritzwoller, 2019; Gou et al., 2019; Martin-
Short et al., 2018). A recent tomographic study also defined a crustal LVZ as a subduction-related crustal
magma reservoir beneath the DVG (Rabade et al., 2023). According to the attenuation model, the crust
beneath the DVG exhibits average or somewhat weak attenuation, in contrast with the apparent low Q;,
values beneath the Aleutian volcanic arc to the west and the adjacent BJV to the east (Figure 7a). As shown in
the cross-section A-A’, somewhat low Q,, values appear between 0.5 and 1.0 Hz beneath the DVG, but these
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values are not as low as those beneath the volcanic areas (Figure 7b). The above observations suggest that,
below the DVG, it is unlikely that large amounts of molten materials have accumulated in the crust and feed
surface volcanoes.

4.4. Quarter-Toroidal Crustal Melting Beneath the WVF and BJV

The WVF has developed on the eastern edge of the YT and consists of 11 major volcanic centers with ages
ranging from ~26 to ~0.2 Ma (Richter et al., 1990; Trop et al., 2012). Among all the volcanic zones, the WVF
shows the strongest low-Q; , anomaly (Q;, < 100) (Figure 7a). As illustrated in cross-section C-C” in Figure 7d,
the low-Q, , anomaly beneath the WVF spans a wide frequency range between 0.2 and 2.0 Hz, corresponding to
a massive low-velocity shear-wave anomaly in the middle-lower crust. Based on crustal velocity reduction,
Yang and Gao (2020) proposed that the WVF was supplied by a large crustal magma reservoir composed of
rocks with 4%—6% partial melting. Several models have been proposed to explain the origin of the WVF. First,
the adakitic signature suggests potential edge melting of the Yakutat slab, explaining the Wrangell volcanism
there (Preece & Hart, 2004). Second, toroidal mantle flow around the Yakutat slab may lead to magma upwelling
beneath the WVF, as suggested by seismic anisotropy observations (Christensen & Abers, 2010; Feng
et al., 2020; Hanna & Long, 2012; McPherson et al., 2020; Venereau et al., 2019) and geodynamic modeling
(Jadamec & Billen, 2010, 2012). Third, the subduction of the Wrangell slab or small-scale slab segments
(Figure 8d) may have caused clustered volcanism, as supported by high seismic velocities (Boyce et al., 2023;
Esteve et al., 2020, 2021; Jiang et al., 2018; Yang & Gao, 2020), Wadati—Benioff seismicity (Daly et al., 2021;
Stephens et al., 1984), receiver function images (Mann et al., 2022) and seismic attenuation (Soto Castaneda
et al., 2021). A slab gap or tear may also provide a magmatic channel contributing to the Wrangell volcanism
(Gou et al., 2019; Mann et al., 2022).

Strong attenuation is not solely limited to the crust beneath the WVF and BJV. Within the wide frequency band
(0.5 and 2.0 Hz), a N-S-trending low-Q;, belt crosses the WVF and continues to extend northward (Figure 9a).
In the northern YT, another low-Q;, anomaly extends westward from the BIV. These two low-Q, , belts are
connected by a slightly weaker low-Q,, area (240 < Q,, < 300). To ensure the validity and resolution of this
attenuation pattern, we conducted a synthetic test. We created three slightly different synthetic models as in-
puts: Figure 9c features two fully isolated low-Q, , anomalies beneath the two volcanic areas, Figure 9d features
two connected low-Q;, anomalies, and Figure 9¢ features two weakly connected low-Q;, anomalies. The
regional average Q; is used as the background. The attenuation anomalies were set to =10% perturbations, and
+5% random noise was added to the synthetic data set. The results show that the inversion system can
distinguish these three cases well. Furthermore, the weakly connected zone with Q,, values slightly greater
than those of the adjacent low-Q;, anomalies is clearly revealed (Figure 9h), which is consistent with the
results from the real data (Figure 9a). Therefore, our tomographic results can be trusted, and crustal melts likely
extend around the YT.

The curved crustal melt zone beneath the BJV and WVF may be related to the potential toroidal mantle flow
suggested by seismic anisotropy (e.g., Christensen & Abers, 2010; Feng et al., 2020; Hanna & Long, 2012;
Venereau et al., 2019). As shown in Figure 9b, previous shear-wave splitting analyses revealed a fast rotational
direction around the edge of the Yakutat slab and suggested entrained flow beneath the Yakutat slab, toroidal flow
around the slab edge, and slab-parallel flow in the mantle wedge (Venereau et al., 2019). Feng et al. (2020) also
observed rotational shear-wave fast-velocity directions related to the slab geometry. In the upper crust, the fast-
velocity direction is nearly parallel to the orientation of major faults (Feng et al., 2020). In the middle-lower crust,
the P-wave fast-velocity directions also exhibit rotational patterns around the eastern and northern edges of the
Yakutat microplate (Gou et al., 2019). As illustrated in Figure 9a, the fast-velocity direction roughly follows an
N-S trend in the WVF low-Q;, belt and roughly changes to an E-W trend near the BJV to follow the low-Q;,
region. Additionally, GPS measurements have revealed the counterclockwise movement of south-central Alaska
(green arrows in Figure 9a) (Cross & Freymueller, 2008; Kreemer et al., 2014). Therefore, the crustal attenuation
and seismic anisotropy observations in south-central Alaska both suggest the existence of a quarter-toroidal
crustal melt channel that weakly connects the magmatic reservoirs under the WVF and BJV (Figure 10). This
curved zone of crustal melting may be related to the thermal materials carried by toroidal flow in the mantle
wedge.

YANG ET AL.

14 of 19

8518017 SUOWIWIOD 3AeaI0 3|eo! dde au Ag pausenoh ae ssjoiie VO ‘88N JO SaInJ 10} AreIq1T8UlUO A8]IAA UO (SUOIPUOD-pUe-SWIsl W00 A3 1M A ReIq Ul |uo//Stiy) SUORIPUOD pue swie | 8us88s *[1202/60/2z] uo Aridiauliuo Ajim ABojoeo JO uonmisul Aq #0T6208rY202/620T OT/10p/L0d A8 im Areiqijeul|uo'sgndnbe;/sdny woiy pepeojumod ‘6 ‘¥20Z ‘95E669TC



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2024JB029104

0.5-2.0 Hz
64" - = 64°
62° - -1 62°
Qe oo
450
60° - - 60° 300
T 3 (denthens k)| —_ 5t=25s 150
22 | P-wave é&%ﬁﬁaﬂ%&)ﬁﬁy ot : Sheall'-wave splitting 8 10
-155° -150° —145° —140° -155° -150° -145° —140°
input model (d) input model (e) input model
65° _ 65° 65°
ﬁ AQu (%)
2
60° e : 60° 60° *’5 .
N e N
~10
-160° -150° -140° -160° -150° -140° -160° -150° -140°
I I 1
inverted model ( g) inverted model (h) inverted model
65° 65°
60° A A 60° i\
ﬁ & | f=05-20H; \j & £=05-20H;
-160° -150° -140° -160° -150° -140° -160° -150° —-140°

Figure 9. Quarter-toroidal crustal melting inferred from a curved low-Q, , belt. (a) Comparisons among crustal low-Q, , anomalies (0.5-2.0 Hz), P-wave azimuthal
anisotropy in the crust (black lines) (Gou et al., 2019), and GPS velocities (green arrows) (Kreemer et al., 2014). (b) Previous shear-wave splitting observations
(Venereau et al., 2019). (c—h) Resolution tests with synthetic models. Three synthetic attenuation models were used as input. In these models, two low-Q, , anomalies are
(c) fully isolated, (d) tightly connected, and (e) weakly connected. The regional average Q,, is set as the background. The attenuation anomalies have +10%
perturbations, and 5% rms random noise is added to the synthetic data. Inverted attenuation images from three synthetic models are shown in figures f-h.

5. Conclusion

A high-resolution broadband Lg-wave attenuation model is constructed for the Alaskan mainland. The model
reveals that the Brooks Range in northern Alaska and the Canadian Cordillera feature stable crust with weak
attenuation. In south-central Alaska, the crust overlying the subducted Yakutat microplate shows relatively weak
attenuation, indicating that flat-slab subduction may have cooled the mantle wedge and prevented hot mantle
material from entering the crust (Figure 10). Apparent low-Q, , anomalies are observed beneath the Aleutian arc
volcanoes, the BJV and the WVF. In contrast to the crust in these low-QLg areas, the crust beneath the DVG
features average or slightly weaker attenuation. Therefore, large amounts of melts are unlikely to have accu-
mulated there to support surface volcanism. The curved low-Q,, belt in south-central Alaska represents a po-
tential crustal melt channel with a quarter-toroidal pattern connecting the magmatic chambers under the WVF and
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Figure 10. Schematic diagram of the quarter-toroidal crustal melt channel beneath south-central Alaska. The subduction
patterns of the Yakutat and Wrangell slabs are constrained by seismic velocity tomography (Gou et al., 2019) (Figures S18
and S19 in Supporting Information S1) and receiver function imaging (Mann et al., 2022). The occurrence of toroidal flow in
the mantle wedge is inferred based on seismic anisotropy observations (Christensen & Abers, 2010; Feng et al., 2020; Hanna
& Long, 2012; Venereau et al., 2019) and geodynamic modeling (Jadamec & Billen, 2010). Note that we show the
frequency-attenuation cross-section rather than the depth cross-section.

BJV (Figure 10). This quarter-toroidal crustal melting may be related to the thermal materials carried by toroidal
mantle flow in the mantle wedge.

Data Availability Statement

Supporting Information includes Figures S1-S19 and Tables S1-S3 in Supporting Information S1 and S2. The
waveforms used in this study were collected from the Incorporated Research Institutions for Seismology Data
Management Center. Tables S1-S3 in Supporting Information S2 list the detailed station and earthquake in-
formation used in this study. The single- and two-station Lg amplitude data used in this study and the resulting Lg-
wave attenuation model for the Alaskan mainland are available at (Yang et al., 2024). Certain figures were
generated using Generic Mapping Tools (Wessel et al., 2019).
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