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Abstract Measurements of scattered seismic phases are used to infer the distribution of small-scale het-
erogeneities in the mantle, which in turn inform our understanding of mantle dynamics. Directionality of the
wavefront can be measured at seismic arrays, and accuracy is essential, as even small deviations can sig-
nificantly misplace the inferred location of these scatterers. However, near-surface structures under seismic
stations may distort these directionality measurements. In this study, we assess how variations in crustal
thickness affect array measurements across Alaska. We observe backazimuth offsets mostly within 5° of the
great-circle path between source and array, with offsets varying systematically between sub-arrays for each
event, indicating a receiver-side origin. We test the hypothesis that offsets are caused by P-waves interacting
with dipping Moho interfaces, and reproduce the observed offsets. We quantify how even modest tilts in the
Moho (∼6°) can deflect the wavefront and alter apparent arrival direction by observable amounts. These off-
sets can shift inferred scatterer locations byhundreds of kilometers, illustrating theneed to correct for shallow
structure in deep Earth imaging studies.

Non-technical summary Seismic waves recorded at the Earth’s surface can reveal small-scale
structures in the deep Earth by detecting how the waves scatter. The energy from the scattered waves is
often small, but by combining data from multiple seismometers (called an array), we can detect and map
the source of heterogeneity, known as scatterers. However, near-surface structures, particularly variations in
crustal thickness, can distort the wavefronts before they reach the array. In this study, we show that these
shallow structures can shift the apparent direction of incoming waves, potentially leading to large errors in
locating scatterers. Correcting for these effects is essential for accurate imaging of the Earth’s interior.

1 Introduction

Seismic station coverage across the globe has bur-
geoned significantly over the past decade, with regions
of Earth bereft of seismic stations seeing new deploy-
ments. Large-scale seismic arrays, suchas theUSTrans-
portable Array (IRIS Transportable Array, 2003), Al-
pArray (Hetényi et al., 2018), and the ongoing West-
ern Australia Array (Murdie et al., 2024), have dramat-
ically increased station density, enabling more detailed
and widespread seismic investigations, particularly ar-
ray based methods (e.g., Rost and Thomas, 2002, 2009).
Array seismology utilizes recordings from multiple, of-
ten closely spaced, seismic stations to enhance signal
detection and extract key seismic wavefield parame-
ters. By coherently summing seismic signals through
techniques like beamforming (e.g., Rost and Thomas,
2002), arrays significantly improve the signal-to-noise
ratio, allowing the detection of low-amplitude arrivals
that may be hard to unequivocally observe in single-
station records. This enables the identification of scat-
tered phases that deviate from the great-circle path, of-
fering insights into lateral heterogeneities within the
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Earth’s interior. For instance, array-based methods
have been used to locatemid-mantle scatterers using P-
and PP-waves (e.g., Rost et al., 2008; Bentham and Rost,
2014; Kaneshima, 2016; Schumacher andThomas, 2016;
Rochira et al., 2022; Yuan et al., 2023), map anisotropy
in subduction zones (e.g., Wolf et al., 2022, 2024), de-
tect mantle plumes (Gu et al., 2009; Stockmann et al.,
2019;Rost et al., 2023), and image core-mantle boundary
structures (e.g., Frost et al., 2013; Frost and Rost, 2014;
Martin et al., 2023; Frost et al., 2024).
Earth’s velocity structure, both closer to the source

or receiver or along the raypath, can affect the prop-
agation of a wavefront, leading to deviations from the
theoretical travel path predicted for a 1D velocity struc-
ture. Such deviations in wavefront propagation man-
ifest as discrepancies in measured slowness, which is
the reciprocal of wave velocity projected onto the sur-
face, indicating the apparent speed and angle of inci-
dence of wavefront; and backazimuth, which is the di-
rection from which the wave arrives, measured clock-
wise from north. It is well established that near-surface
structure beneath the receiver is likely to have the most
significant impact on wave direction, and several stud-
ies have developed empirical corrections for specific
International Monitoring System (IMS) arrays, includ-
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ing: Warramunga, Australia (Wright et al., 1974); Gau-
ribidanur, India (Ram and Yadav, 1984); Eilson, Alaska
(Lindquist et al., 2007); Gräfenberg, Germany (Faber
et al., 1986; Krüger andWeber, 1992); GERESS, Germany
(Bokelmann, 1995a); Chiang Mai, Thailand (Tibuleac
and Stroujkova, 2009); GSETT-3 alpha network (Koch
and Kradolfer, 1997, 1999); LZDM, China (Hao and
Zheng, 2010); Tripoli, Greece (Pirli et al., 2018); and a
global compilation of IMS arrays (Bondár et al., 1999).
Wavefront deviations result from vertical and lateral

variations in seismic velocity. For instance, mantle
plumes can warp wavefronts due to thermal and com-
positional heterogeneity (e.g., Stockmann et al., 2019),
while dipping features like subducting slabs can distort,
deflect, and attenuate the wavefront, as noted in obser-
vations (e.g., Silver and Chan, 1986; Cormier, 1989) and
numerical simulations (e.g., Vidale, 1987; Chen et al.,
2007; Zhan et al., 2014; Pisconti et al., 2025). Such dis-
tortions are not limited to mantle studies; as shown
by Frost et al. (2020), subducting slabs can even influ-
ence seismic energy that travels through the core, al-
tering the interpretation of core-sensitive phases. Sim-
ilarly, the topography of the Mohorovičić discontinu-
ity (Moho) — a major seismic velocity contrast between
the crust and mantle — can significantly influence seis-
mic wave propagation, often producing larger deflec-
tions in backazimuth and slowness than those caused
by more modest velocity anomalies, such as a 5% per-
turbation from a plume or slab (e.g., Niazi, 1966; Zen-
geni, 1970;Wright et al., 1974;Havskov andKanasewich,
1978; RamandYadav, 1984;Hao and Zheng, 2010; Flana-
gan et al., 2012; Jacobeit et al., 2013; Colavitti et al.,
2022; Li et al., 2024). Niazi (1966) provided a founda-
tional theoretical framework, demonstrating that a dip-
ping Moho causes seismic waves to deviate from their
expected paths, resulting in azimuth-dependent varia-
tions in apparent backazimuth and slowness.
If unaccounted for, these effects can bias interpre-

tations of subsurface structure. Subsequent studies
have reinforced and extended these findings. For in-
stance, Havskov andKanasewich (1978) used array anal-
ysis to estimate the dip and strike of theMoho, showing
that structural information could be extracted from sys-
tematic backazimuth deviations. However, these stud-
ies primarily utilized small- to medium-aperture arrays
(tens of kilometers in scale), where aperture is defined
as the maximum distance between two seismic stations
within that array. It has been observed that backaz-
imuth offsets originating from Moho tilt could be up to
20° (Hao and Zheng, 2010; Flanagan et al., 2012; Jacobeit
et al., 2013; Li et al., 2024). Offsets in back-azimuth
and slowness are of particular importance for scatter-
ing studies, where these parameters are used to ray-
trace back from the array to the inferred location of the
causative scatterer in the mantle. For a scattered P-to-
P-wave at source receiver distance 80° and mid man-
tle scattering depths, which is typical for such studies,
an offset in the observed scatterer backazimuth of 5°
can shift the inferred scatterer location by up to 500
km. This illustrates how even moderate backazimuth
anomalies can introduce large spatial errors in mantle
imaging.

Traditionally, array seismology has been conducted
using small-aperture arrays, typically with apertures
less than 50 km, such as IMS arrays, except LASA and
NORSAR. IMS arrays were often sited in areas with
relatively simple subsurface geology (Bondár et al.,
1999). IMS arrays have proven instrumental in detect-
ing small-scale structures in the Earth (e.g., Frost et al.,
2017, 2018). With the advent of denser and broader seis-
mic deployments, it is now possible to construct sub-
arrays with apertures of any size (e.g., Schumacher and
Thomas, 2016; Rochira et al., 2022; Ward et al., 2023;
Frost et al., 2024). While this increased scale enhances
our ability to probe new regions and more complex
structures, the lack of intentional control for subsur-
face structure and the possibility of larger aperture ar-
rays exposes measurements to the influence of crustal
heterogeneities, particularly theMohodiscontinuity. In
smaller-aperture arrays, seismic rays typically sample
a relatively uniform portion of the crust, minimizing
the impact of lateral structural variations. However, in
large-aperture arrays, rays arriving at different stations
may traverse significantly different paths, encountering
variable Moho depths and gradients. These differences
can distort the apparent slowness and backazimuth of
incomingphases. Furthermore, arrays formed indiffer-
ent locations will experience different distortions, im-
pacting inter-array comparisons. As large-aperture sub-
arrays become more commonly employed in regional
and global studies, it is essential to reassess how such
structural variations can bias backazimuth and slow-
ness, which are foundational to interpreting scattered
wavefields. Although these effects have been consid-
ered for small, fixed-aperture arrays (e.g., Bondár et al.,
1999), their influence on larger, flexible sub-arrays re-
mains underexplored.
In this study, we use ray-theoretical modeling to sim-

ulate the effects of a tilted Moho on wavefront propa-
gation and its impact on array-derived measurements
(Section 2). We then focus on Alaska, a region of sig-
nificant tectonic complexity and pronounced Moho to-
pography, to quantify the extent of bias introduced by
crustal structure (Section 3). We use P- and PP-waves
(and their depth phases), which are commonly used to
investigate mantle scatterers due to their strong ampli-
tude and clarity across a wide range of distances (see
Kaneshima, 2016, for a compilation of scattering stud-
ies). Finally, to establish the extent of this effect, we
contrast Alaska with a tectonically less complex region
(Section 3.6). Our goal is to develop a framework for rec-
ognizing and correcting these biases, thereby improv-
ing the reliability of array-based analyses in Alaska and
other structurally complex regions.

2 Effect of tilt on seismic stations:
tilted Moho case

A dipping subsurface interface, such as the Moho, can
refract seismic waves off the great-circle path, resulting
in observed backazimuth and slowness values at the re-
ceiver that differ from theoretical predictions froma1D,
plane-layeredmodel (Niazi, 1966; Zengeni, 1970;Wright
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et al., 1974). We explore and quantify this effect us-
ing ray-theory models, both for a single seismic station
(Section 2.1) and an array (Section 2.2). In this section,
we use ray parameter and incidence angle to represent
angle of the ray to the surface instead of slowness, as
these quantities are directly related through the wave
speed and are more intuitive for describing wavefront
refraction at interfaces.

2.1 Application to single station
To understand the effect of the Moho tilt on the incom-
ing raypath, we consider P- and PP-waves generated by
a teleseismic earthquake intersecting the Moho surface
from below. We consider a one layer crust over a man-
tle half-space, where x, y, and z are the two lateral and
one vertical dimensions, respectively (Fig. 1). Z is posi-
tive upwards. The incident ray vector, î, and the Moho
normal vector, n̂, are defined as:

(1)î = i
‖i‖

(2)n̂ = n
‖n‖

These vectors are normalized to ensure that the result-
ing angles (e.g., angle of incidence) are independent of
their magnitudes. The angle of incidence at the Moho,
θi, is given by:

(3)cos θi = î · n̂

Applying Snell’s law, the refracted ray vector, r, can be
expressed as:

(4)r = µ1

µ2
î +

(
cos θr − µ1

µ2
cos θi

)
n̂

where, µ1 and µ2 are the refractive index of mantle and
crust, respectively, and θr is the angle of refraction.
We begin by assuming a P-wave velocity of 8 km/s in

the mantle and 5.8 km/s in the crust, taken from the
1D velocity model iasp91 (Kennett and Engdahl, 1991).
The Moho normal vector, n, is defined as [t, 0, 1], where
t represents the horizontal tilt in the X-direction and 1
represents the vertical component. A value of t = 0
corresponds to a horizontally oriented Moho (no tilt),
while increasing values of t indicate a greater tilt away
from vertical in the X-direction. To quantify the im-
pact of this tilt, we measure changes in the backaz-
imuth and ray parameter of the refracted ray, r, rela-
tive to the case of a planar (un-tilted) Moho (blue plane
in Fig. 1a). Fig. 1b illustrates how a Moho tilted by
2.86° corresponding to a ∼25 km Moho depth change
over 500km and representative of gradients observed
in Alaskan Moho topography, (Section 3.5.1), alters the
backazimuth of the refracted ray across a range of inci-
dence angles at theMoho interface. We show results for
three initial ray backazimuths: 0°, 45°, 90° (blue, green,
and pink arrows in Fig. 1a). The incidence angle at the
Moho varies depending on the wave type, with P-waves
arriving at steeper angles than PP-waves for the same
source-receiver geometry. This leads to differing sensi-
tivities of the backazimuthal deviation to Moho tilt for
the two phases.

When the ray path is aligned with the direction of the
Moho tilt (backazimuth = 90°; pink dots in Fig. 1), there
is no change in the backazimuth of the refracted ray. In
contrast, when the incoming ray is orthogonal to the
direction of tilt (azimuth = 0°; blue dots in Fig. 1), the
backazimuth of the refracted ray deviates most signif-
icantly from its original value. Furthermore, the shift
in backazimuth is greatest for steeply incident rays and
decreaseswith increasing incidence angle. This implies
that P-waves, which typically have steeper ray paths, are
more refracted by the Moho tilt than PP-waves, which
tend to have shallower incidence angles. Moreover,
observations at greater source-receiver distances, from
which rays arrive more steeply, will be more affected.
In the intermediate case where the initial backazimuth
is 45° (green dots in Fig. 1), themagnitude of the backaz-
imuth shift falls between the two end-member scenar-
ios described above.
To further investigate the effect of Moho tilt, we dou-

ble the tilt angle to –5.7° (∼50 km Moho depth change
over 500km) and reverse the direction of tilt (Fig. 1c).
We observe that the deviations in backazimuth are ap-
proximately doubled and occur in the opposite direc-
tion, consistent with the expectation that, for small tilt
angles, angular deviations scale linearly with tilt. Sim-
ilarly, Figs 1d,e illustrate changes in the ray parameter
when a ray encounters a tilted Moho (same Moho con-
figuration as in Figs 1b,c). In contrast to the trends ob-
served for backazimuth deviations, the ray parameter
at the surface varies across all three incoming ray az-
imuths. This occurs because the incidence angle rel-
ative to the Moho changes with the tilt, regardless of
the backazimuth of the incoming ray. The largest de-
viation in the ray parameter is observed when the ray
path aligns with the direction of the greatest Moho tilt:
that is, a backazimuth of 90° (the same as the X-axis).
Notably, the ray parameter is less sensitive to the inci-
dent angle of the incoming ray, exhibiting amuchflatter
trend compared to the trends in backazimuth (Fig. 1b).
From our initial ray analysis, we observe that: 1) A

tiltedMoho has the greatest impact on the backazimuth
of a ray when the tilt is perpendicular to the ray path,
while it has little to no effect on the ray parameter. 2)
Conversely, when the Moho tilt is aligned with the ray
path, the backazimuth remains unchanged, while the
ray parameter is most affected. 3) Steeper ray paths
are more susceptible to backazimuth deviations due to
Moho tilt, whereas shallower paths experience greater
deviations in ray parameter. 4) Larger Moho tilt magni-
tudes lead to increased deviations in both backazimuth
and ray parameter of the refracted ray. These observa-
tions and trends are consistent with the values reported
by Niazi (1966). For a Moho dip angle of 5° and a ve-
locity contrast of 0.7, they estimated backazimuthal de-
viations of 7° to 4° for incident angles between 20° to
40° (Table 2B in Niazi, 1966). In Fig. 1c, for a compa-
rable Moho dip (∼5.7°) and velocity contrast (0.725), we
observe deviations ranging from 6.5° to 4°, suggesting
agreement between our measurements and their pre-
dictions. Further, these deviations become significant
when they exceed the resolution of the beamforming,
or when they are large enough to substantiallymisplace
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Figure 1 (a) Schematic of the setup for P- and PP-waves interacting with a Moho tilted by 2.86° towards the positive X-axis
(red plane; red arrow is normal to this plane). The blue plane is horizontal. Backazimuth and ray parameter (horizontal
slowness) are measured at the red station for the single-station case, while the black and red triangles indicate the array
used in Section 2.2. Colored arrows show the three incoming ray backazimuths tested. (b) Backazimuth change, relative to
planarMoho (blue plane in a),measured at the red station across a rangeof incidence angles for P- andPP-waves for the tilted
Moho. (c) Same as b, but for a 5.7° Moho tilt away from the X-axis, opposite to the direction in a). (d,e) Same as (b,c), but for
ray parameter.

inferred scatterer locations. As mentioned in Section 1,
a backazimuth offset of 5° can shift a scatterer location
by hundreds of kilometers. The phase-dependence of
these offsets is also of relevance, as differential Moho-
induced offsets between P- and PP-waves could be mis-
interpreted as evidence of off-path scattering if near-
receiver crustal structure is not properly accounted for.

2.2 Application to an array of stations
Building on the principles established for a single sta-
tion, we now investigate the effect ofMoho tilt on a seis-
mic array. Weconsider an array consisting of 13 stations
(similar to the minimum number of stations used later
for Alaska in Section 3), all located at the same eleva-
tion, in a cross shapewith an aperture of approximately
5° (Fig. 2a), representative of the aperture we apply to

Alaska later. We also performed the same experiment
using a circular array of radius 2.5° and found that the
results were equivalent to the cross case. To estimate
the apparent direction and ray parameter of a seismic
wavefront across an array, we calculate the relative ar-
rival times of the wave at each station (e.g., Rost and
Thomas, 2002). For a planar wavefront, the predicted
arrival time at each station can be calculated based on
its relative position with respect to the array centre and
the direction of wave propagation, using the following
expression from Schweitzer et al. (2012):

(5)tn = −xn · sin φ − yn · cos φ

Vapp

Here, tn is the arrival time at station n, xn and yn are the
station coordinates relative to the array center, φ is the

4 SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Crustal bias in beamforming

backazimuth (measured clockwise from the positive y-
axis in the x-y plane), and Vapp is the apparent velocity
beneath the array.
The apparent velocity at which the wavefront is ob-

served to move across the array, Vapp, is related to the
P-wave velocity in the crust, Vcrust, and the angle of in-
cidence i (measured from the vertical z-axis), as:

(6)Vapp = Vcrust

sin i

To investigate the effect of a tilted Moho dipping at
5.7° in the x-direction (setup in Fig. 1a; Moho depths be-
neath each station shown in Fig. 2a), we begin by as-
suming a plane wave arriving with a range of backaz-
imuths (0–90°), with the incidence angle fixed at 13.7°
corresponding to the steepest angle of incidence for a
direct P-wave at the largest possible source–receiver dis-
tance, i.e., before the P shadow zone. This configura-
tion is chosen to accentuate the effect of Moho tilt on
wavefront distortion. We measure time delays of this
wave at each station in the array, using Equation 5. We
trace rays through the mantle, Moho, and crust to each
station and calculate the arrival time at each station.
We then estimate thewavefront direction and incidence
angle by minimizing the sum of squared residuals be-
tween observed arrival times and those predicted by a
planar wavefront model, treating backazimuth and in-
cidence angle as free parameters. The optimization is
performedusing theNelder-Mead algorithm, initialized
fromafixed startingpoint (5°, 5°), with the incidence an-
gle constrained to physically reasonable values (0–90°).
The resulting best-fitting parameters represent the ap-
parent wavefront direction and incidence angle for the
array, plotted as circles in Fig. 2b. We find that the ar-
ray records a maximum backazimuth deviation of ap-
proximately 7° when the incoming ray’s backazimuth is
perpendicular to the Moho dip direction, which is con-
sistent with the single-station case (Fig. 1b). A similar
trend is observed in the ray parameter, suggesting that
the effect of Moho tilt on apparent backazimuth and ray
parameter is similar for an array and a single station.
Given the dip of the Moho, the crustal thickness be-

neath each stationwill differ. Stations locatedwhere the
Moho tilt results in thinner crust (lighter blue shaded
triangles)will record earlier arrivals, as seismic rays tra-
verse a shorter crustal path (Fig. 2a). Here, we calculate
the effect of this on themeasured slowness and backaz-
imuth. Assuming a total thickness h for the crust and
mantle combined, zMoho is the depth of the Moho be-
neath the station, dz is the vertical component of the
ray direction, ||d|| is the total ray path length, and Vcrust,
Vmantle are theP-wave velocities in the crust andmantle,
respectively, the total P-wave travel time at each station
can be expressed as:

(7)Ttotal = zMoho

dz
· ‖d‖

Vcrust
+ (h − zMoho)

dz
· ‖d‖

Vmantle

These crust-mantle travel-time estimates (with respect
to the array centre and using Vcrust, Vmantle as 5.8 km/s
and 8 km/s, respectively) are used to perform the op-
timization for backazimuth and incidence angle, and
the results are shown as plus symbols in Fig. 2b. The

maximumbackazimuthdeviation is approximately 0.6°.
We find that refraction at the tilted Moho in the X-
direction shifts the wavefront toward the X-parallel di-
rection, thereby altering arrival times. The crust–man-
tle travel-time correction produces a shift in the same
sense, but with a much smaller magnitude. Conse-
quently, less than 10% of the total backazimuth devia-
tion associated with the tiltedMoho can be attributed to
the crust–mantle travel-time correction.
For a tilted Moho, the effect on the observed backaz-

imuth and slowness measured by an array is analogous
to the single-station case, an array exhibits the same
qualitative behavior, and the four conclusions drawn
in Section 2.1 remain valid when extended to arrays.
The primary difference is that themaximumchanges in
backazimuth and ray parameter observed at the array
level are slightly reduced relative to the single-station
case, owing to the inclusion of crust–mantle travel-time
corrections. In practice, however, real seismic arrays
do not sample a Moho with uniform tilt beneath all sta-
tions. Nevertheless, this idealized framework provides
a useful reference against which the observations from
Alaska can be compared.

3 Effect of tilt on real data: Alaska

3.1 Data and pre-processing
To investigate the effect of Moho tilt on real data, we
apply beamforming to measure slowness and backaz-
imuth of P-wavesmeasured at seismic arrays at stations
in Alaska. Alaska serves as an ideal case study due to
its complexMoho topography (Section 3.5.1) and exten-
sive coverage with seismic stations. We selected global
earthquakes between January 2020 and June 2024, at
epicentral distances between 65° and 120° from the sta-
tions in Alaska, with magnitudes Mw ≥ 6.7 and source
depths greater than 60km to ensure simpler source time
functions and clearer separation of the direct P arrival
from its depth phases (e.g., Kaneshima and Helffrich,
2010; Bagley et al., 2013). In total, we analyzed 31 events
(inset Fig. 3) recorded at 375 seismic stations, primar-
ily distributed throughout Alaska, with some located in
Canada.
For each event, we constructed sub-arrays from the

available stations. To construct sub-arrays, we dis-
cretized the study region into a 2°×2° grid and searched
for stations located within 2.5° of each grid point, allow-
ing for overlap of stations between adjacent sub-arrays.
A sub-arraywas formed at a given grid point if at least 14
stations were found within the defined radius, as fewer
than that resulted in aliasing artifacts. On average, 28
sub-arrays were formed for each earthquake, with an
average aperture of 507 km, with 90% of the apertures
used between 400 and 550 km. An example sub-array is
shown in Fig. 3 (magenta stations), with an aperture of
527 km. We did not enforce a specific array geometry in
our analysis; the reader is referred to Frost et al. (2024)
for a discussion on the sensitivity of beamforming re-
sults to the shape of the array.
For each event, vertical (Z) component seismic data

were linearly detrended and demeaned, and the instru-
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Figure 2 Effects of Moho tilt on seismic wave propagation beneath the array. (a) Moho depths beneath the array for aMoho
tilted by 5.7° toward the X-axis. (b) Backazimuth and ray parameter changesmeasured at the array for a 5.7° Moho tilt toward
the X-axis, calculated across a range of backazimuths using Equation 5 (shown as circles). Calculations including the effect of
differential travel times through the crust andmantle due to Moho geometry (using Equation 7) are shown as plus symbols.

Figure 3 Seismic stations (grey triangles) and earth-
quakes (red circles in inset) used in this study. An example
sub-array, magenta stations, has an aperture of 527 km and
includes 22 seismic stations.

ment response was removed. The data were then band-
pass filtered between 0.05–0.5 Hz, a frequency range
found to be most effective for detecting P-waves rela-
tive to background noise during the beamforming pro-
cedure described in the following sub-section. Stations
exhibiting spurious signals were excluded following vi-
sual inspection.

3.2 Beamformingmethodology

We use beamforming to measure the slowness and
backazimuth of coherent energy associated with
teleseismic P, PP, and P-depth phase slownesses
(P, Pdiff , pP, sP, PP ) (Davies et al., 1971; Rost and

Thomas, 2002). Rather than analyzing individual
phases separately, we use a single time window that en-
compasses all of these phases and includes all arrivals
that fall within the expected time and slowness ranges.
We construct beams by cutting the time series from 20
seconds before the expected arrival of the P (or Pdiff )
phase to 40 seconds after the PP phase, based on the
iasp91 model (Kennett and Engdahl, 1991). We form
beams to construct vespagrams by grid-searching for
slownesses between 0 and 10 s/° in 0.25 s/° increments,
and backazimuths between ±50° of the great-circle
path in 1° increments. In order to reduce aliasing and
enhance the precision of slowness and backazimuth
determination, we compute a coherence metric called
the F-statistic (Selby, 2008; Frost et al., 2013). The co-
herence, F, is calculated as the ratio of the total squared
energy within the beam, b(t), to the total squared
differences between the beam and the individual traces
xi(t) that are utilized to form the beam, within a time
window M , normalized by the number of traces in the
beam, N :

(8)F = (N − 1)
N

M∑
t=1

b(t)2

N∑
i=1

M∑
t=1

(xi(t) − b(t))2

We compile these into F-trace vespagrams, which dis-
play coherence as a function of time, slowness, and
backazimuth (with respect to the great-circle path). Fur-
ther, prior to beamforming, we account for the individ-
ual topographybeneath each seismic stationby convert-
ing station elevation to a travel-time correction using a
P-wave crustal velocity of 3 km/s and incorporating this
correction into the moveout calculation.

3.3 Coherence and quality control
We apply the above process to all sub-arrays for all
events, resulting in 778 vespagrams. We then analyze
the vespagrams to determine their quality. A high-
quality vespagram is characterized by compact regions
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(lobes) of high coherence around the phases of inter-
est that are well-resolved in time, slowness, and backaz-
imuth (Figs 4a,b). To differentiate between high-quality
and noisy vespagrams, we compute the maximum co-
herence in the entire backazimuth vespagram and di-
vide it by the mean coherence. If this Max/Mean ra-
tio exceeds 20 (based on trial and error), meaning that
there are clear peaks of coherence associated with well-
resolved phases, the vespagram is retained for further
analysis. This process removes 28% of the vespagrams.
This threshold was introduced as an automated quality-
control criterion for this dataset andmay require retun-
ing for different noise levels, station density, or array
geometry.
To quantify measurement uncertainty, we select the

top 5% of coherence values within a ±5 s window
around the absolute peak (marked by the maroon di-
amond in the backazimuth vespagrams—Figs 4b,d) in
both slowness and backazimuth. The slowness and
backazimuth ranges of this top 5%, shown as the width
between the solid white bars in Fig. 4, provide uncer-
tainty estimates and serve as an additional quality met-
ric, whereby larger ranges indicate a more poorly re-
solved peak.

3.4 Constraining backazimuth offsets

For an example event (Fig. 4b), the energy of the seismic
phases of interest arrives along the great-circle path,
i.e., with a relative backazimuth of 0°. Meanwhile, ves-
pagrams calculated for another event show deviations
of the phases from the great-circle path (Fig. 4d). In this
case, the energy is consistently offset from the great-
circle path (dashed red line in Fig. 4d). A similar dis-
crepancy was observed in the slowness, though the off-
sets were generally smaller in magnitude, close to or
smaller than our resolution of 0.25 s/°. As demonstrated
in Section 2.2, variations in backazimuth are more pro-
nounced than those in slowness and exceed the resolu-
tion limits of our analysis. Therefore, our analysis fo-
cuses primarily on backazimuth offsets.
We identify arrivals in order to quantify their back-

azimuth offsets by calculating maximum coherence
across all backazimuths within 5-second moving time
windows with 50% overlap (colored circles in Figs 4e,f).
Significant peaks were selected from this coherence
timeseries using a prominence-based algorithm: we re-
tained only peaks whose amplitude exceeded 25% of
the globalmaximumandwhoseprominence, definedas
the peak height relative to the surrounding local back-
ground, exceeded 10% of the global maximum (plus
symbols in Figs 4e,f). These thresholds were chosen for
this dataset so that only well-defined, physically mean-
ingful peaks were used, suppressing noise and weaker
incoherent or off-path energy. Significant peaks appear
as darker lobes in Fig. 4d and corresponding peaks in
Fig. 4f). In the example shown, these arrivals are con-
sistently shifted towardmore positive backazimuths. To
account for slowness-dependent variability of back az-
imuth anomalies as noted in Section 2.2 and Fig. 2, we
divide the vespagrams into two regions: low-slowness
(P and P-depth phases) below 6 s/° (dashed black line),

and high-slowness (PP and PP-depth phases) above 6
s/°. We then compute the mean backazimuth of sig-
nificant peaks (plus symbols in Fig. 4f) in each region,
yielding backazimuth offsets of 4° (low-slowness) and
3° (high-slowness) for the example shown, with larger
offsets as expected for lower-slowness phases. Ward
et al. (2021) developed an automated method to iden-
tify arrivals in slowness vespagrams with formal un-
certainty estimates. While their approach is optimized
for characterizing specific phases within a focused time
window, our vespagrams encompassmultiple phases si-
multaneously (up to ∼15 energy lobes in some cases),
making a prominence-based peak-finding more appro-
priate.

3.5 Understanding backazimuth offsets in
Alaska

For each sub-array and each event, we calculate the
mean backazimuth offset (colored circles in Fig. 5a). We
find that 95% of the mean offsets lie between -5° to 5°
and individual sub-arrays often exhibit distinct mean
offsets (discussed in the next paragraph). 14% of all
measurements fall within±0.5° of the great-circle path,
which we consider below our detection threshold and
thus classify them with no significant offset (black cir-
cles in Fig. 5a). Importantly, measurements for nearly
all earthquakes exhibit somedegree of backazimuthoff-
set, suggesting that these deviations are not specific to
individual events.
We find that the sign and magnitude of backazimuth

offsets depend on sub-array location (Fig. 5b). Further-
more, we find consistency of the offsets between earth-
quakes, but some sub-arrays do record conflicting off-
set directions. We further explore causes of these ex-
ceptions in Section 4.3. Nonetheless, the fact that the
same earthquake yields varying offsets between sub-
arrays suggests that the origin of these offsets is likely on
the receiver side, as the raypath to different sub-arrays
diverges beneath Alaska. In the following section, we
compare the offset patterns with the results from Sec-
tion 2.2, focusingon their relation to theMohogradients
beneath Alaska.

3.5.1 Impact of the Alaskan Moho

As demonstrated in Section 2.2, a sloped Moho surface
can refract incoming seismic wavefronts, resulting in
different slownesses and backazimuths than predicted.
In this section, we evaluate whether the backazimuth
offsets observed in Alaska are consistent with the re-
gion’s crustal architecture. For this, we use a model
of the Alaska Moho depths (Miller and Moresi, 2018,
Fig. 5c) constructed using receiver functions. The depth
of theMoho varies substantially across the region, from
as shallow as ∼25–30 km beneath the forearc to ∼45–50
km beneath the Yukon-Tanana and Farewell terranes,
resulting in numerous localized highs and lows, and
consequently sharp Moho gradients.
Our sub-arrays have apertures of 300–550 km (Fig. 3),

effectively averaging the Moho gradient over a large
scale. Moreover, each ray samples the Moho only along
its backazimuth, not necessarily the steepest gradient.
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Figure 4 Vespagrams and measurement of backazimuth offsets. (a) An example of a well-constrained vespagram in slow-
ness–time space with contours drawn as solid white lines. The black dashed line separates low- and high-slowness regions.
Predicted arrival times and slownesses are shown as pink circles. (b) Same as (a), but in backazimuth–time space, measured
relative to the great-circle path (red dashed line). The red diamond marks the point of global maximum coherence. (c,d)
Same as (a,b), but for a different earthquake–sub-array pair exhibiting backazimuth offsets. (e,f) Peaks corresponding to
high-coherence regions in slowness–time (e) and backazimuth–time (f) space for vespagrams in c and d. Circles are colored
by the slowness or backazimuth value of the coherence maximumwithin a 5-second moving time window. Crosses indicate
prominent peaks identified by the peak-picking algorithm. The mean backazimuth offset for prominent peaks in the low-
slowness region (≤6 s/°) is 4°.

Therefore, we calculated directionalMoho gradients us-
ing a 2.5° radius for azimuths in 10° increments. An
example Moho gradient map calculated in the approx-
imate backazimuthal direction of the majority of the
observations (-130°) is shown in Fig. 5d. The Moho
gradients in all directions range from -6.7 to 7.7 km/°
(Fig. 6), which corresponds to equivalent tilts of up to 8°
under the small-angle approximation, consistent with
the range explored in our synthetic tilted-Moho mod-
els (Section 2.2). Our synthetic tests produce backaz-
imuth offsets up to 7° (Fig. 2b), which are comparable
to our measured backazimuths. Fig. 6 shows the ob-
served backazimuth offsets with respect to the direc-
tional Moho gradient. We find that 62% of observations
have consistent polarity between the directional Moho
gradient and the backazimuth offset, indicating a mod-
est but statistically significant relationship. A Spearman

rank test yields ρ = 0.25, indicating a weak monotonic
relationship between the two parameters. A random-
ization test (10,000 shuffles of the backazimuth offsets)
confirms this is unlikely to arise by chance, with both
the observed ρ (0.25) and sign-agreement value (62%)
exceeding all 10,000 permuted values. However, there
is considerable scatter in the data, which suggests that
Moho topography is a primary but not exclusive control
on the observed offsets, and we explore the potential
causes of this in Section 4.3.

3.6 Control Case: Flat Moho region in US
To reinforce our interpretation that the backazimuth
offsets observed in Alaska are indeed caused by crustal
structure, we conducted a beamforming analysis using
stations located in a region with relatively flat Moho
topography. For this comparison, we selected Trans-
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Figure 5 Distribution of backazimuth offsets for low-slowness phases (≤6 s/°). (a) Mean backazimuth offsets are shown as
circles for each earthquake and each sub-array (positive: magenta; negative: green), with standard deviations indicated by
vertical bars. Offsets within ±0.5°, considered below the detection threshold, are plotted as black circles. The histogram on
the right highlights the significant number of non-zero backazimuth offsets. (b) The same backazimuth offsets are plotted
at the center of their respective sub-arrays. Circle size reflects the magnitude of the offset. Due to lower station density in
western and northern Alaska, most measurements are from central and southern Alaska. (c) Moho surface derived from re-
ceiver functions point measurements (black crosses) fromMiller and Moresi (2018). (d) Directional Moho gradient calculated
using a 2.5° radius spatial window in the -130° backazimuth direction, based on theMoho surface shown in (c). Blue triangles
indicate the seismic stations forming an example sub-array, with the filled triangle marking the array center. The sub-array
aperture and the spatial scale over which the Moho gradient is averaged are comparable.

portable Array (TA) stations deployed between 2012 and
2014 in the central United States, where the Moho is
demonstrated to be more laterally uniform than Alaska
(Fig. 7c; Shen and Ritzwoller, 2016), varying in depth
between 40 and 48 km. Using the method described
earlier, we constructed sub-arrays and calculated ves-
pagrams for each earthquake. We found that 95% of the
mean backazimuth offsets for these sub-arrays lie be-
tween -2.50° and 2.50°, with significantly reduced range
from maximum to minimum compared to the Alaskan
arrays (Figs 7a,b). Althoughminor offsets remain, their
magnitudes are much smaller than those observed in
Alaska. This serves as a control case to confirm that, in
the absence of significant Moho gradients, such offsets
are minimal or absent.

4 Correction and uncertainties
The contrast between the backazimuth deviations ob-
served in Alaska versus those in the Central US suggests

that complex Moho structure plays a key role in gen-
erating backazimuth deviations. This underscores the
importance of accounting for local crustal effects when
conducting beamforming studies in tectonically com-
plex regions.

4.1 Correcting vespagrams for near-surface
structure

To accurately locate scattering sources, it is essential
to correct vespagrams for observed backazimuth offsets
arising from near-surface structure, particularly Moho
topography. As mentioned in Section 1, deviations on
the scale observed in Alaska can lead to mislocations
of scatterers by several hundred kilometers. Here, we
have demonstrated that backazimuth offsets are most
likely producedby refraction at a dippingMohobeneath
the receivers. We therefore seek to estimate and correct
these offsets before interpreting array-deriveddirection
measurements.

9 SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Crustal bias in beamforming

Figure 6 Comparison of directional Moho gradients be-
neath each sub-array and theobservedbackazimuthoffsets
(color convention is the same as in Fig. 5a). The gradients
are calculated using a spatial window of 2.5° radius in the
direction of each earthquake backazimuth. The yellow dia-
monds correspond to themean backazimuth offsets for the
positive and negative offset populations.

To estimate the Moho geometry responsible for the
observed backazimuth offsets from the great-circle
path, we use the backazimuth and slowness measure-
ments to reconstruct the wavefront geometry at the sur-
face for all slowness and backazimuth pairs in a vespa-
gram. Assuming that the entire offset arises due to re-
fraction at the Moho, we back-project these rays to the
base of the crust and apply Snell’s Law to compute their
incidence angles beneath the interface. In this back-
projection, we use the same P-wave velocities adopted
in Section 2.2, with Vcrust, Vmantle as 5.8 km/s and 8
km/s, respectively. We then search for the direction and
magnitude of Moho dip that would produce a wavefront
deflection matching the observed offsets for the entire
vespagram. We can then apply the shift associated with
this tilt to the vespagrams, ideally realigning all mea-
surements back to the great-circle path. An example
outcome of this process is shown in Fig. 8, where the
Moho dip required to reconcile the offset was 2.7°.

Because Moho gradients vary spatially across Alaska
and vary locally with azimuth (Fig. 5d), a uniform cor-
rection across all events or sub-arrays would be inap-
propriate. Indeed, as demonstrated in Fig. 5a, differ-
ent earthquakes exhibit different offset patterns, as do
the same earthquake at different sub-arrays. To ad-
dress this, we perform event and sub-array specific cor-
rections based on the local Moho geometry. With this
correction applied, the primary phases (P, pP, sP, PP )
align with the theoretical great-circle path (Fig. 8b).
Any remaining backazimuth deviations can then be at-
tributed to scattering or other propagation effects along
the raypath, rather than to receiver-side crustal struc-
ture, allowing investigation of mantle heterogeneities
without contamination fromMoho-induced biases.

4.2 Discussion of uncertainties

The beamforming procedure described in Section 3.1
involves several methodological choices, each of which
can influence the analysis presented here. For in-
stance, the chosen frequency band can introduce non-
uniqueness in the estimated slowness and backazimuth
(i.e., spatial aliasing), depending on the array aperture
and station spacing. Some studies advocate for event-
specific frequency tuning to optimize signal coherence
and resolution (e.g., Schumacher et al., 2018; Rochira
et al., 2022). Furthermore, the frequency band of ob-
served signals and the array aperture are inherently in-
tertwined. As noted by Rost and Thomas (2009), the re-
solving power of a seismic array depends critically on
the relationship between the wavelength of the seismic
waves (inversely related to frequency) and the aperture
of the array. For optimal slowness andbackazimuth res-
olution, the array aperture should be comparable to or
larger than the dominant wavelength. To explore this
dependency,we experimentedwith different array sizes
(100 km, 250 km, and 500 km) and fixed the upper fre-
quency cutoff at 0.5 Hz (e.g., Rost and Thomas, 2002,
2009) while experimenting with three alternative lower
frequency cutoffs (0.075 Hz, 0.1 Hz, and 0.15 Hz). We
chose to use the bandpass of 0.05–0.5Hz as it resulted in
the least amount of aliasing and clearest arrivals across
events. We also found that in Alaska, where station den-
sity is relatively low, specifying a smaller aperture of-
ten resulted in selecting fewer stations per sub-array,
which in turn produced vespagrams with lower qual-
ity and increased aliasing. Although theoretically larger
apertures are more susceptible to aliasing, in our case,
the increased number of available stations helped mit-
igate this issue and often led to well-constrained vespa-
grams. Therefore, the aperture and frequency values
used in this study were selected through trial and er-
ror to balance aliasing, station availability, and vespa-
gram quality in Alaska. These choices affect the reso-
lution and robustness of individual slowness and back-
azimuth measurements, and may influence the exact
magnitude of measured offsets, but they do not alter
the main conclusion that systematic backazimuth devi-
ations in Alaska are consistent withMoho structure and
are substantially larger than those observed in the flat-
Moho control region.
The dependence of observed backazimuth offsets on

underlying structure, particularly Moho gradients, is
closely related to the aperture of the sub-arrays. Since
each sub-array has a specific aperture, it samples the
Moho gradient across a specific area. Additionally, the
Fresnel zones of waves impose a spatial averaging ef-
fect on the sampled structure. For P-waves at Moho
depths, the Fresnel zone radius corresponding to the
frequency of 0.157 Hz (the dominant frequency of our
selected band) is approximately 25 km, as estimated us-
ing Equation 1 of Gudmundsson (1996). However, be-
cause each station has its own Fresnel zone, the array
effectively samples a region comparable to its surface
aperture plus approximately one Fresnel-zone radius
on either side, which remains small relative to the ∼275
km radius used to compute the local Moho gradient and
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Figure 7 Same as Fig. 5, but for the control case analysis in Section 3.6, using Transportable Array seismic stations (red
triangles in c). Moho surface in c) is from Shen and Ritzwoller (2016) and McCafferty et al. (2023).

Figure 8 (a) An example vespagram in backazimuth–time space showing significant backazimuth offsets, evident from the
dark coherence lobes being shifted away from the great-circle path (red dashed line). (b) The same vespagram as in (left),
corrected for Moho structure. The best-fittingMoho tilt that realigns the lobes with the great-circle pathwas found to be 2.7°.

therefore does not significantly influence our gradient
estimates. Despite this, the large aperture of our sub-
arrays mean that the Moho structure is averaged over a
similarly broad area. As a result, smaller-scale hetero-

geneity inMoho topographymay be smoothed andmay
contribute less to the observed backazimuth offsets.

Further, it is important to note that our ray-theory
based synthetic tests in Section 2 do not include finite-
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frequency wavefield effects. As a result, they should
be regarded as the upper limit estimate of the effect of
Moho topography. Wavelength-dependent spatial aver-
aging may reduce sensitivity to small-scale Moho het-
erogeneity relative to the ray-theoretical prediction and
could result in smaller values than predicted by ray-
theory.

4.3 Other possible origins of backazimuth-
offsets

Backazimuth offsets observed in array studies are of-
ten attributed to structural complexities in the crust or
lithosphere directly beneath the array (e.g., Berteussen,
1976). Previous investigations, particularly those using
IMS arrays, have documented systematic backazimuth
and slowness biases and occasionally ascribed them to
instrumental effects (e.g., Bondár et al., 1999). Here,
we find no consistency across a range of sub-arrays and
events. Given the similarity of the equipment used for
these deployments and that each sub-array contains 14
to 70 stations, it seems improbable that instrumental
bias is a dominant source of the offsets observed across
arrays.
Surface topographic variationhas also beenproposed

as a source of backazimuth and slowness anomalies. Ja-
cobeit et al. (2013), for example, identified such effects
in Kyrgyzstan due to elevation differences among sta-
tions. Since station elevation also varies across Alaska
(Fig. 3), we accounted for this in our beamforming anal-
ysis by incorporating elevation corrections using a typ-
ical upper crustal P-wave velocity of 3 km/s. The max-
imum topographic variation within an individual sub-
array is approximately 2500 m. For this array, the maxi-
mummoveout associated with topography can be up to
0.8 sec (average being 0.5 sec for all sub-arrays), which
is similar in magnitude to the effect of a 5° Moho tilt
(moveout up to 1.5 sec). For an event that formed 27
sub-arrays, the average maximum topographic differ-
ence is 1550 m with a standard deviation of 600 m, in-
dicating that most sub-arrays are significantly affected
by elevation contrasts. Therefore, these effects are ex-
plicitly corrected for in our beamforming analysis, en-
suring that the residual backazimuth offsets discussed
here are not driven by surface topography.
Another possible contributor to backazimuth offsets

is the presence of sedimentary cover. A strong velocity
contrast between low-velocity sediments and the under-
lying crust can refract incoming teleseismicwavefronts,
as demonstrated for the Gräfenberg array (Krüger and
Weber, 1992), where a gently dipping sedimentary layer
produced systematic slowness and azimuth anomalies.
In Alaska, however, sediment thickness exceeding 300
m is largely restricted to latitudes north of ∼67° N
(Laske, 1997). Most of our sub-arrays lie south of this re-
gion, so sediment-related refraction is unlikely to influ-
ence the majority of our measurements. Nonetheless,
for the few arrays located farther north, sedimentsmay
contribute to the observed offsets and cannot be fully
ruled out as a source.
Lateral velocity variations within the crust represent

an additional potential source of backazimuth and slow-

ness anomalies. In the synthetic tests, we assume a lat-
erally uniformcrustal velocity, but real crustal structure
across Alaska includes significant velocity heterogene-
ity. To assess the potential influence of such variations,
we performed a synthetic test in which we introduced a
∼10% lateral velocity contrast across the crust (Vp = 5.5
km/s vs. 6.0 km/s) while keeping the Moho flat, and ap-
plied the same wavefront optimization procedure as in
Section 2.2 (Fig. 9a). This configuration produces back-
azimuth deviations of up to 1.2° and slowness deviations
of up to 0.375 s/° (Fig. 9b). Compared to the tilted Moho
case (Fig. 2b), the resulting backazimuth deviations are
up to 80%, demonstrating that Moho topography is the
dominant contributor to the backazimuth offsets we ob-
serve. However, the slowness deviations approach up
to 70% of the values produced by Moho tilt, suggesting
that slowness is more sensitive to lateral crustal veloc-
ity variations than backazimuth. Given that our analy-
sis focuses primarily on backazimuth offsets, and that
our observed offsets are well reproduced by Moho tilt
alone, we do not apply explicit corrections for lateral
crustal velocity variations. Nevertheless, wenote that in
regions where crustal velocity structure is particularly
heterogeneous, such effects may contribute to residual
slowness anomalies that are not fully accounted for by
the Moho correction alone.

Crustal anisotropy is another plausible contributor
to the refraction of teleseismic wavefronts (e.g., Bokel-
mann, 1995b). In Alaska, significant lateral variations
in crustal anisotropy have been reported, with differ-
ing fast-axis orientations and strength across tectonic
provinces (Feng and Ritzwoller, 2019; Berg et al., 2020;
Liu and Ritzwoller, 2024). These spatially variable
anisotropic effects could influence apparent slowness
and backazimuth. However, due to the large aperture of
our arrays and the complex and non-uniform nature of
the reported anisotropy, we expect that this would likely
not significantly affect our observations, and so we do
not apply explicit corrections for anisotropy in this anal-
ysis.

A further possible source of wavefront refraction is
the velocity heterogeneity caused by the subducting Pa-
cific plate along the Alaska-Aleutian subduction zone.
Given the location of the slab on the south margin of
Alaska, its influence is largely confined to the forearc
and central valley regions (Jadamec and Billen, 2010;
Rodgers, 2025). Sub-arrays located north of 63° N and
east of 150° W likely lie beyond the slab’s influence.
In addition, raypaths from majority of earthquakes (in
the Pacific) typically sample mantle west or southwest
of the arrays, further reducing the likelihood of slab-
related deflection. For forearc sub-arrays, however,
slab contributions cannot be entirely excluded andmay
help explain themore complex offset patterns observed
above the Alaskan forearc (Fig. 5b).

In spite of these other possible causes, our results
demonstrate that the majority of the observed backaz-
imuth offsets can be explained by Moho topography, as
our synthetic tests show that Moho tilts representative
of Alaska (6°) reproduce offsets of 3–5°, consistent with
the observations.
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Figure 9 (a) Schematic of the model with a ∼10% lateral crustal velocity variation (Vp = 5.5 km/s and 6.0 km/s) and a flat
Moho (blue plane). The overall setup is otherwise identical to Fig. 2a. (b) Same as Fig. 2b, but for the velocity structure shown
in (a).

5 Conclusions

We analyzed P-wave energy for 31 teleseismic events
recorded by seismic stations in Alaska. By beamform-
ing at sub-arrays of stations across Alaska, we observed
systematic shifts in the observed backazimuth of energy
of the P and P-depth phases from the great-circle path,
with a dependence on sub-array location and source-
receiver path. Through synthetic tests, we demonstrate
that topography on the Moho, such as exists under
Alaska, can account for the observed offsets in back-
azimuth by refracting incoming wavefronts. Using a
plane-wave approximation interacting with a dipping
Moho interface, we replicate backazimuth offset val-
ues consistent with those observed in array data from
Alaska. These findings highlight a critical considera-
tion for seismic imaging: backazimuth deviations in-
troduced by near-surface structure can lead to system-
atic errors in the measured incoming direction, and
consequently, the inferred location of mantle scatter-
ers. Although Moho topography explains the majority
of the backazimuth offsets, other factors, including lat-
eral crustal velocity structure, array geometry, crustal
anisotropy, sediments, and slab-related heterogeneity,
may also contribute. The associated slowness perturba-
tions are small in our observations, however, synthetic
tests suggest that we cannot rule out the possibility of
slowness anomalies fromsimilarMoho-induced effects.
Therefore, incorporating crustal corrections into beam-
forming analyses is essential for improving the accu-
racy of deep Earth imaging.
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