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Abstract. Understanding the spatial correlation between
crustal magma reservoirs and seismicity is crucial for inves-
tigating the dynamics of volcanic systems. However, due to
the relatively low resolution of existing crustal tomography,
especially for the middle-lower crustal magma reservoir, it
is still difficult to accurately characterize the crustal magma
system beneath the Wudalianchi volcano in northeast China.
Here, we present a high-resolution 3-D shear-wave velocity
crustal model obtained by applying full-wave ambient noise
tomography. High-quality empirical Green functions are ex-
tracted from ambient seismic noise at periods of 3–20 s based
on 30 latest broadband seismic stations throughout the Wu-
dalianchi volcano. Our new tomographic model reveals a dis-
tinct low-velocity body located at depths of ∼ 10–23 km be-
low the Wudalianchi volcano, suggesting the presence of a
magma reservoir in the middle-lower crust, which establishes
an important link for better understanding of the magma evo-
lution processes. Additionally, the geometry of the observed
magma reservoir, together with the earthquake distribution,
provides new insights into the magmatic activity of the active
Wudalianchi volcano. The magma ascent from the potential
middle-lower crustal magma reservoir might exert pressure
on the overlying brittle crust, resulting in the generation of
earthquakes below the Wudalianchi volcano. The presence
of partial melting could make the strength of the surround-
ing rocks more susceptible to ductile deformation, suggest-
ing that the earthquake nucleation is more difficult within

the interior of the crustal magma reservoir beneath the Wu-
dalianchi (WDLC) volcano.

1 Introduction

The magmatic system consists of multi-level complex
magma reservoirs and channels for storing and transport-
ing magmatic materials. The middle-lower crustal magma
reservoir, as a significant transit station, controls magma stor-
age, accumulation, and differentiation. However, due to the
sparse distribution of the seismograph network, the under-
lying middle-lower crustal magmatic structure of the Wu-
dalianchi (WDLC) volcano remains poorly understood. The
WDLC volcano, named for five connected lava-dammed
lakes, is situated on the northern flank of the Songliao Basin
in northeast China (Fig. 1). The volcanic field contains 14
cinder cones surrounded by basaltic lava flows (Zhao et al.,
2014). The diameters of most cone bases range from 500 to
1200 m and their heights range from 40 to 170 m, and these
cones are predominantly arranged along multiple northeast–
southwest orientations (Wei et al., 2003). As one of the
youngest volcanoes in northeast China, the WDLC volcano
has notable volcanic activity. The evolution of the WDLC
volcano can be traced back to the early Pleistocene, with
the latest volcanic activity recorded occurred in ∼ 1721, and
the lava flows formed during past eruptions span an area of
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∼ 70 km2 (Rasskazov et al., 2016). In 1776, the most recent
volcanic activity took place in Laoheishan, a sub-volcano
within the WDLC volcanic area (Chen et al., 2021).

The distribution of earthquakes under the volcano can pro-
vide insights into the development of magmatic activity. An
earthquake swarm was detected between 2015 and 2023 in
the WDLC volcanic region recorded by the earthquake cata-
log from the China Earthquake Administration (Figs. 2, S1,
and S2 in the Supplement). This swarm includes 243 earth-
quakes, and the largest earthquake had a magnitude of 2.9.
The local earthquake locations show that the seismic activi-
ties are mainly distributed in the depth range of ∼ 5–15 km
beneath the WDLC volcano.

The intraplate volcanism in northeast China remains a
topic of ongoing research and debate, and several different
mechanisms have been proposed to explain the formation
of intraplate volcanism. Previous body-wave tomographic
results have identified significant low-velocity anomalies
reaching as low as −3 % with a diameter of about 200 km,
extending consistently to a depth of 400 km (Lei and Zhao,
2005), indicating that the WDLC volcano results from the
presence of hot and wet upwelling flows within the big man-
tle wedge above the subducting Pacific slab located in the
mantle transition zone beneath East Asia (Zhao et al., 2007;
Zhang and Wu, 2019). Additionally, a continuous slow ve-
locity anomaly down to the mantle transition zone was ob-
served in northeast China, interpreted as the subduction-
related mantle upwelling that escaped through a slab “gap”
in the transition zone (Tang et al., 2014). Ambient noise to-
mography and two-plane surface wave tomography revealed
a downwelling high-velocity anomaly beneath the Songliao
Basin, which has the potential to trigger localized convection
in the asthenosphere, leading to the formation of local volca-
noes (Guo et al., 2016). Numerical simulation results indicate
that the Cenozoic volcanic activity in northeast China may
be attributed to the interaction between the subducting Pa-
cific plate and the hydrated mantle transition zone (Yang and
Faccenda, 2020). However, these hypotheses for the large-
scale volcanism are not adequate to fully explain the WDLC
volcanism as well as its spatial pattern of seismic activity.

The lithospheric mantle and shallow upper crustal struc-
tures have been imaged by previous studies (Li et al., 2016;
Liu et al., 2017; Gao et al., 2020; Chen et al., 2021; Fan et
al., 2021). The regional-scale lithospheric tomographic re-
sults revealed a high-velocity anomaly beneath the WDLC
lithospheric mantle, which is likely caused by the interac-
tion between low-degree melts from the asthenosphere and
the underlying subcontinental lithospheric mantle (Fan et al.,
2021). In contrast, a prominent low-velocity anomaly is ob-
served extending from the Moho to a depth of 100 km be-
neath the WDLC volcano, interpreted as local asthenospheric
upwelling (Chen et al., 2021). In general, the underlying
lithospheric structures of the WDLC volcano are still the sub-
ject of ongoing debate. Additionally, for the shallow crustal
structure, a prominent low-velocity anomaly is imaged in the

upper crust based on a small-scale dense seismic array with
ambient noise tomography (Li et al., 2016), and the low-
resistance structures in the upper crust are observed beneath
the WDLC volcano by the magnetotelluric imaging based on
a dense magnetotelluric network with average site spacing of
∼ 1 km (Gao et al., 2020). However, small-scale tomographic
results are only focused on the upper crustal structures of the
volcano. In order to couple the deep mantle with the shal-
low upper crustal magmatic systems, a strong understanding
of the middle-lower crustal magmatic structure and its corre-
sponding seismicity is necessary.

Benefiting from the WAVESArray seismic stations de-
ployed in northeast China, more detailed features have been
imaged by ray-based ambient noise tomography (Song et
al., 2025) and full-wave ambient noise tomography (Lü et
al., 2024b, c). However, the ray-based seismic tomography
may affect the resolution of seismic anomalies due to the
wavefront healing effect (Nolet and Dahlen, 2000), espe-
cially in resolving small-scale low-V anomaly patterns and
amplitudes (Song et al., 2025). Moreover, the previous full-
wave ambient noise tomographic results depicted large-scale
seismic features with a relatively low resolution of ∼ 40 km
and lacked an analysis of correlation with seismic activity.
In this study, we select the denser temporary stations around
the WDLC volcanic field and construct a higher-resolution
(∼ 27 km) crustal shear-velocity model. The improved res-
olution model reveals detailed features of the low-velocity
zones, providing insights into the geometry of the crustal
magma reservoir, a more accurate estimation of the melt frac-
tion, and a clearer understanding of its spatial correlation
with seismic activity.

2 Data and methods

We deployed 30 temporary stations that operated from Jan-
uary 2018 to April 2019, spreading throughout the WDLC
volcano (Fig. 1b). The temporary stations were equipped
with three-component seismometers that are capable of mea-
suring seismic signals over a broad range of frequencies
from 50 Hz to 120 s, and these instruments record the data
with a high sampling rate of 40 Hz. Due to the dense net-
work of stations (average inter-station spacing is ∼ 30 km
and the closest spacing is ∼ 10 km), we can construct a de-
tailed high-resolution shear-wave velocity model beneath the
WDLC volcanic field, specifically focusing on understand-
ing the structure and dynamics of the volcanic system and
assessing potential hazards.

The cross-correlation of vertical waveforms is used for ex-
traction of the empirical Green functions (EGFs) between
each station pair. After the removal of the instrument re-
sponses, the waveforms are downsampled to 5 Hz, and a
frequency–time-normalization technique is applied to ex-
pand their frequency range (Shen et al., 2012). Specifically,
the seismograms are filtered by using a series of narrow-
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Figure 1. Map view of the surface topography and major tectonic settings of the Wudalianchi (WDLC) volcanic field. The blue circles denote
seismic stations used in this study. The dashed line and thin black lines mark the outlines of the basins and major faults, respectively. CBS,
Changbaishan; HLH, Halaha; LG, Longgang; JPH, Jingpohu; NMH, Nuominhe; SLB, Songliao Basin; GXAR, Great Xing’an range; LXAR,
Lesser Xing’an range; F1, Nenjiang fault; F2, Hailun-Renmin fault.

Figure 2. The spatial distribution of the earthquakes in the Wudalianchi volcanic field. The circles denote the earthquakes with different
depths and magnitudes. The scales are shown in the right corner.

https://doi.org/10.5194/se-16-807-2025 Solid Earth, 16, 807–818, 2025



810 Z. Lü et al.: The magma reservoir and seismic activity beneath the Wudalianchi volcano

frequency band-pass filters ranging from 0.0125 to 2 Hz.
Subsequently, each filtered seismogram is normalized by its
envelope and then summed to obtain the final frequency–time
normalized seismograms. This technique has been proven
to enhance the signal-to-noise ratio of the resultant EGFs,
enabling the acquisition of longer-period signals (Lü et al.,
2019, 2021). The daily cross-correlations are then stacked
to obtain EGFs for each set of stations. The resulting high-
quality Rayleigh wave EGFs can be retrieved at different pe-
riod bands in both positive and negative time lags (Fig. 3).
To measure the phase delays of Rayleigh wave EGFs, we
cross-correlate the observed EGFs with synthetic waveforms
for different periods. The targeted time windows of Rayleigh
waves are calculated with their typical minimum and max-
imum shear velocity of 2.5 and 5 kms−1. We minimize the
discrepancies between the synthetics and EGFs with ampli-
tude normalization applied to account for amplitude fluctua-
tions (Fig. S3 in the Supplement), and we analyze four peri-
ods ranging from 10–20 s, 7–15 s, 5–10 s, and 3–7 s (Fig. 4).
In contrast to the longer-period data (10–20 s, 7–15 s), the
shorter-period data (5–10 s, 3–7 s) are relatively scattered due
to the shallow structure not being well defined. We only con-
sider EGFs with a signal-to-noise ratio ≥ 4 and a correlation
coefficient of at least 0.6 between the synthetic and observed
waveforms. Here The signal-to-noise ratio is calculated as
the ratio of the peak signal amplitude within the analysis win-
dow to the maximum standard error of the mean derived from
monthly EGFs in the same window (Lü et al., 2019). These
criteria ensured that the phase delay measurement was based
on high-quality data with a strong correlation between the
observed EGFs and synthetic signals.

Waveform propagation in the 3-D heterogeneous Earth
structure is simulated using the non-staggered grid finite-
difference method, as described by Zhang et al. (2012). The
initial 3-D model is based on a 0.5° × 0.5° shear-wave ve-
locity model underneath mainland China based on surface
wave dispersion (Shen et al., 2016). This model has limited
resolution to capture detailed variations within the crust due
to the limitation of station coverage and the assumption of a
one-dimensional layered medium during its construction. We
define the initial model grid spanning the region from 47 to
50° latitude and 123 to 128° longitude, extending from the
Earth’s surface down to 199 km depth with a vertical interval
of 0.5 km. To enhance the efficiency of the finite-difference
algorithm, a non-uniform grid spacing is utilized for dis-
cretization. The lateral grid spacing is set at 0.025° × 0.025°
in the longitudinal and latitudinal directions, while the ver-
tical grid size varies continuously. The vertical grid inter-
val near the surface is ∼ 0.9 km and increases to ∼ 2.7 km
at 25 km depth. The compressional wave velocity and den-
sity in the initial model are derived from empirical relation-
ships (Christensen and Mooney, 1995). Synthetic waveforms
are calculated using a half width of 4.5 s Gaussian pulse as
the source-time function at each station. Updated synthetic
waveforms are computed for the iteratively refined 3-D ve-

locity model in each iteration. To cover the longest inter-
station distance in the study, a total of 2000 steps are run
with a time step of 0.15 s to model wave propagation over
300 s.

The 3-D finite-frequency sensitivities of the Rayleigh
wave are computed for each period band using the scattering-
integral method (Zhao et al., 2005). This approach can be
utilized to establish an accurate high-resolution 3-D velocity
model in comparison with the ray theory. Both P and S waves
contribute to the Rayleigh wave propagation, especially in
the shallower layers (Gao and Shen, 2014; Lü et al., 2019).
Our method involves analyzing sensitivity kernels for both
P and S wave velocities in the joint inversion, providing en-
hanced constraints on shallow crustal properties and yielding
more precise and reliable solutions for deeper structures (Lü
and Lei, 2022). Density was not explicitly included in the in-
version process. However, density is updated through an em-
pirical relationship between the compressional wave velocity
and density (Christensen and Mooney, 1995). During each it-
eration, new sensitivity kernels were calculated by simulating
wave propagation with the updated velocity model. Follow-
ing the construction of sensitivity kernels, the joint inversion
is solved using the LSQR algorithm with a series of damp-
ing and smoothing constraints (Paige and Saunders, 1982).
We select the optimal smoothing and damping parameters
based on the tradeoff between the model norm and data mis-
fit (Fig. S4 in the Supplement). The velocity perturbations
are then updated and added to the 3-D reference model after
each iteration.

3 Results

By incorporating the latest temporary broadband seismic ar-
ray, the high-resolution seismic features at finer scales have
been significantly enhanced. To qualitatively assess the spa-
tial resolution scale, a series of checkerboard tests are con-
ducted at different depths (Fig. 5). The checkerboard input
models are designed with ±6 % alternating velocity pertur-
bations at varying depths. The synthetic phase delays are
determined by utilizing the sensitivity kernels that are cal-
culated from the last iteration. The checkerboard resolution
tests revealed that the input model exhibits excellent recov-
erability at depths ranging from 11 to 17 km with different
cell sizes (Fig. 5). At 3 km depth, the input velocity per-
turbations can be well resolved with a cell size larger than
37 km. The amplitude of the checkerboard pattern appears
to be underestimated at shallow (3 km) and lower crustal
(25 km) depths due to the reduction of data for shorter (3–
7 s) and longer (10–20 s) periods. Overall, the checkerboard
tests demonstrate that the small-scale crustal features with
a horizontal scale larger than 27 km can be effectively re-
solved in the upper-middle crust where most earthquakes are
prone to generate. In addition, to further validate the cred-
ibility of a significant low-velocity feature, we carry out a

Solid Earth, 16, 807–818, 2025 https://doi.org/10.5194/se-16-807-2025



Z. Lü et al.: The magma reservoir and seismic activity beneath the Wudalianchi volcano 811

Figure 3. Examples of empirical Green functions derived from ambient noise data. The ray paths are shown in panel (a), and the red lines
represent the ray paths around the WDLC volcano. The waveforms are filtered at (b) 3–7 s, (c) 7–15 s, (d) 7–15 s, and (e) 10–20 s periods,
respectively. The red traces correspond to the station pairs crossing the WDLC volcano with the red ray paths in panel (a).

Figure 4. Distribution of phase delays between the observed empir-
ical Green functions and the synthetics computed using the initial
velocity model (black dots) and the final velocity model (red dots).
Phase delays are measured at periods of (a) 10–20 s, (b) 7–15 s,
(c) 5–10 s, and (d) 3–7 s, respectively.

specific model recovery test in terms of the anomaly pattern
(Fig. S5 in the Supplement). The pattern and magnitude of
the anomaly can be well recovered with a minor amount of
unavoidable smearing at corresponding depths. Our resolu-
tion tests indicate that the observed key structural features

beneath the WDLC volcanic field are reliable based on the
current dense broadband seismic array data coverage.

Our new shear-wave velocity model reveals remarkable
details in seismic velocity features at various depths (Fig. 6).
The short-period Rayleigh waves are most sensitive to P-
wave velocity at shallow depths (Gao and Shen, 2014), and
a strong correlation is observed between the P-wave veloc-
ity anomaly and the regional faults at 3 km depth (Fig. S6 in
the Supplement). However, the P-wave velocity structure is
not well constrained at 11 km depth in comparison with the
shear-wave structure due to the limited resolution (Fig. S7
in the Supplement). Here, we only interpret shear-wave ve-
locity model observed in the study region. The obvious low-
velocity anomalies are observed beneath the Songliao Basin,
whereas high-velocity anomalies are visible under the moun-
tain ranges at a depth of 3 km. The low-velocity anomalies
beneath the Songliao Basin are gradually concentrated be-
tween the Nenjiang fault (F1) and the Hailun-Renmin fault
(F2) at 11 km depth. At the middle-lower crust, a distinct
low-velocity anomaly exists beneath the WDLC volcano, ex-
tending from 17 km down to about 25 km depth, contrasting
with strong high-velocity anomalies imaged between the F1
and F2 faults (Fig. 6). The strong lateral variations of the
shear-wave velocity contrast underlying the WDLC volcano
within the crust are prominently imaged in the vertical cross-
sections (Fig. 7). Beneath the WDLC volcano, we observe
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Figure 5. Checkerboard resolution tests at multiple depths for the shear wave velocity models. The velocity perturbation varies within a
range of ±6 %.

significant low-velocity features at depths of ∼ 10–23 km.
The velocity beneath the Songliao Basin is significantly
lower than the regional average value. The earthquakes are
mainly located in the low-velocity anomalies or the transi-
tion zones from low-velocity to high-velocity anomalies in
the upper-middle crust.

4 Discussion

4.1 Comparison with recent shear-wave velocity
models

Our new shear-wave velocity model reveals seismic features
showing tight correlations with the major elements of the
WDLC volcanic field at various depths, in comparison with
recent shear-wave velocity models from traditional ambient
noise tomography (Figs. 8 and S8 in the Supplement), such
as Shen et al. (2016), Fan et al. (2021), Chen et al. (2021),
and Song et al. (2025).

The traditional ambient noise tomography is based on the
ray-based inversion method and assumes that the Rayleigh

wave phase velocity is mainly sensitive to shear wave veloc-
ity (Lü et al., 2024a). Due to wavefront healing (Nolet and
Dahlen, 2000), the recovered shear-wave anomalies could be
decreased by a factor of 2 or more (Maguire et al., 2022).
Additionally, our deployment of a denser seismic network
yields a higher crustal resolution compared to previous re-
gional models (Shen et al., 2016; Fan et al., 2021). More-
over, compared to the model of Lü et al. (2024c), we retrieve
higher-frequency signals that enhance the sensitivity to shal-
low structure. The full-wave methods simulate the synthetic
waveforms accounting for the physics of seismic wave prop-
agation in the 3-D Earth model, calculate numerical sensi-
tivity kernels, and iteratively invert the shear-wave velocity
structure. Theoretically, the full-wave method is more accu-
rate to obtain a high-resolution model (Nolet and Dahlen,
2000; Maguire et al., 2022; Gao and Shen, 2014; Lü et
al., 2019). For example, at 3 km depth, compared with re-
cent shear-wave velocity models that demonstrate pervasive
low-velocity anomalies surrounding the Songliao Basin, our
model reveals obvious low-velocity anomalies correspond-
ing to the outline of the Songliao Basin (Fig. S8). At the
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Figure 6. Shear-wave velocity structures at multiple depths. The red
dashed lines in panel (d) mark the profile locations in Fig. 7. The
black dashed lines mark the outlines of the Songliao Basin. The
black dots represent the earthquakes beneath the WDLC volcano.
Other labels are the same as those in Fig. 1.

depths of 17–25 km, our model demonstrates distinct low-
velocity anomalies beneath the WDLC volcano compared
with the shear-wave velocity from the recent models. More-
over, our model also reveals some new seismic features. The
F1 and F2 faults are significant velocity contrast boundaries
at a depth of 11–25 km. In the vertical cross-sections (Fig. 8),
our model reveals a circular low-velocity body in the middle-
lower crust, which clearly reflects the shape of the middle-
lower crustal magma reservoir. Additionally, the dense array
provides better coverage and higher sensitivity to small-scale
velocity anomalies, enabling us to clearly delineate the low-
velocity zone directly beneath the WDLC volcano. It is noted
that this feature was not clearly identified by the recent mod-
els. Those observations reveal remarkable details in seismic
velocity features and provide a tighter spatial linkage with
the underlying volcanic system.

4.2 Correlation with seismicity

The spatial distribution of earthquakes provides insights into
the development of magmatic activity. Earthquake activity
beneath a volcano typically increases prior to an eruption due

Figure 7. Cross-section view of the shear-wave velocity model and
the distribution of the earthquakes. See Fig. 6d for the profile loca-
tions. Topographic elevation is plotted atop each cross-section. The
black dots represent the earthquakes in the study region. The dashed
line represents the −4 % velocity reduction boundary in each cross-
section.

to the movement of magma and gases, which exert pressure
on the surrounding rocks, leading to the fracturing of rocks
or the vibration of existing cracks (Roman and Cashman,
2018). The earthquake activity beneath the WDLC volcano
appears to be strongly influenced by the observed features
in the shear-wave velocity model (Fig. 7). The earthquakes
are located in relatively large velocity gradients above the
middle-lower crustal magma reservoir beneath the WDLC
volcano. This spatial association is interpreted as stress con-
centration at structural discontinuities induced by magmatic
processes such as magma ascent. The magma ascent exerts
pressure on the overlying brittle crust, resulting in the gen-
eration of the earthquakes (Kiser et al., 2016; Korger and
Schlindwein, 2014). Since 2021, the frequency of micro-
seismic events has shown a notable increase, indicating a
progressive intensification of magmatic activity beneath the
volcano. This increased seismicity likely points to ongoing
magma migration and the pressurization of the middle-lower
crustal reservoirs. Notably, a few earthquakes occurred in the
center of the low-velocity body of the middle-lower crustal
magma reservoir. To estimate the melt fraction, we follow
the approach of Paulatto et al. (2022), considering a range
of spheroidal melt inclusion aspect ratios for dry basalt. This
allows us to derive the relationship between absolute seismic
velocities and melt fraction. We use 6.56 and 3.54 kms−1 as
the P- and S-wave velocities for basalt crystals in the mid-
dle crust, respectively, extrapolated from Christensen and
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Figure 8. Comparison of cross-sections between our shear-wave velocity model and recent shear-wave velocity models. The symbols are the
same as in Fig. 7.

Stanley (2003) using a second-order polynomial fit. For dry
molten basalt, we use a density of 2.70 gcm−3 and a P-
wave velocity of 2.83 kms−1 based on the experimentally
constrained model of Ueki and Iwamori (2016). Using the
Self-Consistent Scheme and Differential Effective Medium
method (Paulatto et al., 2022), we compute melt fraction
curves for basalt at 18 km depth, assuming a bulk density of
2.882 gcm−3. From the velocity-anomaly–melt-fraction re-
lationships (Takei, 2002), we infer an average melt fraction
of ∼ 3.5 % within the middle-lower crustal magma reser-
voir, corresponding to an S-wave velocity of 3.40 kms−1

(Fig. 9). The presence of partial melt within the magma reser-
voir could make the strength of the surrounding rocks more
susceptible to ductile deformation, implying that the earth-

quake nucleation is more difficult within the middle-lower
crustal magma reservoir beneath the WDLC volcano. There-
fore, combining the seismicity and our observed low-velocity
structures, we suggest that the magma upward migration
from the middle-lower crustal magma reservoir would drive
rock fracturing above the magma reservoir, which might be
responsible for the earthquakes beneath the WDLC volcano.
The sustained monitoring is essential for detecting precur-
sory signals of potential eruptions, understanding the dynam-
ics of magmatic activity, and mitigating volcanic hazards.
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Figure 9. Estimation of the melt fraction for the middle-lower crustal magma reservoir beneath the WDLC volcano. The black star is the
average melt fraction for the middle-lower crustal magma reservoir using the aspect ratio suggested by Takei (2002).

4.3 Implication for multi-level magmatic system

Here we propose a schematic model to illustrate the key seis-
mic features observed beneath the WDLC volcano as well
as possible interpretations based on our and recent shear-
wave models (Fig. 10). However, we cannot rule out other
possible causes for the deep magmatic system. The geom-
etry of the observed middle-lower crustal magma reservoir
beneath the WDLC volcano plays a key role in understand-
ing magma accumulation and feeding systems, which may
establish an important link for better defining the volcanic
dynamics from deep mantle to shallow crust. Deep mantle-
scale tomographic studies revealed a low-velocity anomaly
down to about 410 km depth beneath the WDLC volcano
(Lei and Zhao, 2005; Zhao et al., 2007; Zhang and Wu,
2019). According to the lithospheric-scale tomography study,
a prominent channel-like low-velocity body was identified
extending from the Moho to a depth of 100 km beneath
the WDLC volcano (Chen et al., 2021). Li et al. (2016)
discovered a low-velocity zone at upper crust depth (∼ 7–
13 km) beneath a sub-volcano in the WDLC volcanic region
based on a short-period dense seismic array with ambient
noise tomography. Comparatively, due to the wave complex-
ity, the signal-to-noise ratio of the observed EGFs is rela-
tively lower at short periods. Combined with a lateral res-
olution of ∼ 27 km, our model cannot confidently image
small-scale crustal reservoirs with a scale of a few kilo-
meters as reported by Li et al. (2016). By combining our
new model with previous tomographic images, we present
a possible comprehensive understanding of the volcanic gen-
esis of the WDLC volcano. The origin of the WDLC vol-
cano is associated with the upwelling of asthenospheric ma-
terials within the big mantle wedge (Lei and Zhao, 2005).
Geochemical research on rocks in the WDLC volcanic field
demonstrates that the magma originates from the mantle tran-
sition zone, directly linked to the stagnation of the deeply

subducted western Pacific slab (Wang et al., 2017). Subse-
quently, the rising asthenospheric material accumulates at the
base of the lithosphere as a mantle magma reservoir, feed-
ing the WDLC volcano and neighboring volcanoes (Chen et
al., 2021). This inference is also supported by the Pn tomo-
graphic result that observed a low-velocity zone in the up-
permost mantle beneath the WDLC volcanic field in north-
east China (Du et al., 2022). After a long period of accumu-
lation, the mantle magma penetrated the uppermost mantle
into the middle-lower crustal magma reservoir, correspond-
ing to our observed low-velocity anomalies in the crust be-
neath the WDLC volcano. Given that the last eruption of
a sub-volcano in the WDLC volcanic region occurred ap-
proximately 300 years ago, combined with the constraints
from the deep mantle, lithosphere, and upper crustal struc-
tures, our observed middle-lower crustal magma reservoir
could potentially act as a significant reservoir for recharg-
ing the shallow magma reservoir in the upper crust. Further-
more, a well in the region exhibits an exceptionally high CO2
concentration, further indicating the activity of the WDLC
volcano (Lü, 1994). In general, the active intraplate WDLC
volcano demonstrates a vertical multi-level magma system
from the mantle source to the upper crust (Fig. 10). The up-
welling asthenospheric material driven by the deep subduc-
tion and stagnation of Pacific slab ponds at the lithospheric
base then migrates to the middle-lower crustal magma reser-
voir that supplies the upper crustal magma reservoir. The ob-
served middle-lower crustal magma reservoir establishes a
robust connection between the accumulation of mafic magma
and the generation of melts to supply the upper crustal
magma reservoir as imaged by Li et al. (2016). The indi-
vidual magma reservoir in the upper crust reaches local ther-
mal equilibrium within 103 years. In contrast, large igneous
systems could persist for 105 to 107 years (Cashman et al.,
2017). Given that the last eruption of the WDLC volca-
noes was ∼ 300 years ago, the upper crustal magma reser-
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Figure 10. A schematic diagram illustrating the vertical multi-level
magma system and seismicity beneath the WDLC volcano. Illustra-
tions here are not to scale. The magma ascent from our observed
middle-lower crustal magma reservoir may exert pressure on the
overlying brittle crust, resulting in the generation of the earthquakes
below the WDLC volcano. The white stars represent the earth-
quakes. The lithospheric magma reservoir was imaged by Chen et
al. (2021), and the upper crustal magma reservoir was imaged by Li
et al. (2016).

voir may be continuously supplied by the observed middle-
lower crustal magma reservoir. K–Ar dating results reveal
that the Wudalianchi volcano has erupted about 30 times in
the past 1 Ma (Wang and Chen, 2005), which preliminarily
implies that magma transport to a shallow reservoir may re-
quire ∼ 30 ka. In the future, more geochemical and modeling
approaches are required to further evaluate magma transport
processes in the multi-level magma system.

5 Conclusions

The spatial correlation between the middle-lower crustal
magma reservoir and the seismicity of the WDLC volcano
plays a crucial role in understanding the magmatic system
and potential hazards. In this study, we construct a high-
resolution crustal shear-wave velocity model beneath the
WDLC volcanic field using the full-wave ambient noise to-
mographic method based on our latest temporary stations.
Our tomographic model reveals a distinct low-velocity body
existing at depths of ∼ 10–23 km beneath the WDLC vol-
cano, indicating the middle-lower crustal magma reservoir
with an average estimated melt fraction of ∼ 3.5 %. The
earthquakes beneath the WDLC volcano are located above

the crustal magma reservoir revealed by this study, suggest-
ing the active volcanic seismicity could be related to the
magma upward migration deriving from the crustal magma
reservoir. By combining the existing velocity models in dif-
ferent scales, the WDLC intraplate volcanism might be re-
lated to the multi-level magmatic system from deep mantle
to shallow crust. These new findings provide valuable per-
spectives on the WDLC volcanic monitoring and hazard as-
sessment for future eruption.
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