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The magmatic plumbing beneath the
Wudalianchi volcanic region, northeast
China, is recharged by magma reservoirs
under Keluo volcano
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The intraplatemagmatic systems of theWudalianchi potassic volcanic region in northeast China have
historically exhibited eruption activity, and there is evidence that they retain the potential for future
eruptions. However, the characteristics of this complex volcanic region remain debated and poorly
understood due to the relatively low resolution of existing crustal tomography. Herewepresent a high-
resolution shear-wave velocity model of the crust and uppermost mantle obtained by applying full-
waveform ambient noise tomography to data recorded at 106 recently deployed broadband seismic
stations. Our results reveal two vertical low-velocity anomalies discovered beneath theNuominhe and
Keluo volcanoes, which appear to be magma ascending pathways connecting a mantle source and
crustal reservoirs. A horizontally interconnected low-velocity zone in the middle-lower crust indicates
a magmatic migration pathway transporting potassium-rich melts directly among the potassic
volcanic units. In addition, the Wudalianchi volcano is likely recharged by deeper and larger crustal
magma reservoirs under the Keluo volcano. The unique geometries of the magmatic plumbing
systems provide valuable seismic evidence for the volcanic eruption dynamics and potential volcanic
hazards.

There are many intraplate volcanoes in northeast China, which are located
~1800 km away from the Japan Trench and have erupted episodically from
the late Cretaceous to the present1 (Fig. 1a). These intraplate volcanoes are
covered by alkali basalts, which can be divided into sodic volcanic units
(K2O/Na2O < 1) and potassic volcanic units (K2O/Na2O > 1) in terms of
their elemental composition variations2,3. The potassic volcanic units
(Fig. 1b), including Wudalianchi (WDLC), Erkeshan (EKS), Keluo (KL),
Nuominhe (NMH), and Xiaogulihe (XGH)4, are mainly distributed in the
northern margin of the Songliao Basin, as compared with the widespread
sodic volcanism (such as the Changbaishan and Jingpohu volcanoes) along
the eastern flank of the basin5,6. TheWDLC volcano is a typical example of
the potassic volcanic units, which experienced three exceptional episodes of
eruptions from the early Pleistocene to Holocene7,8. Its latest eruption

occurred in ~1721 and the effusive lava spread over an area of ~68 square
kilometers. In 1776, the most recent volcanic activity took place in Lao-
heishan, a sub-volcano within the WDLC volcanic area9. Considering its
historic eruption andpotential for re-eruption, theWDLCvolcanic region is
an ideal area for exploring the trans-crustal magmatic systems and mon-
itoring the volcanic activity in northeast China.

A complex volcanic framework typically consists of a deep mantle
source and shallow trans-crustal magmatic systems. Although the deep
origin and geodynamics of the intraplate volcanoes in northeast China are
still controversial10–13, most of the tomographic results obtained so far
indicate that the origin of the WDLC volcanism is related to the north-
westward deep subduction of the Pacific plate. However, it is still unclear
whether the volcanic units are influenced by a minor or moderate plume,
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because the existing tomography models have relatively low resolution in
the upper mantle10,14–16. From a hazard forecast perspective, many volcanic
eruptions are directly influenced by the trans-crustal magmatic system17.
This system controls the distribution of melts and the physical conditions
from slowmelt accumulation to rapidmelt transfer, as well as the geometry
of the magma storage and migration system. Therefore, it is necessary to
determine a high-resolution, three-dimensional (3-D) seismic velocity
model for better understanding the volcanismof the entire potassic volcanic
units in northeast China. However, there is still no such a high-resolution
model of the crust and upper mantle beneath theWDLC volcanic area due
to the sparse distribution of seismic stations.

The spatial pattern of the vertical trans-crustal pathways and the
horizontal plumbing systems of the crustal magma beneath these
potassic volcanoes is still unclear. Recent high-resolution ambient noise
tomography detected a magma chamber with inferred fluids and partial
melts in the shallow crust (~7–13 km depths) beneath the WDLC
volcano18. Magnetotelluric (MT) inversion also revealed an anomaly
modeled as a magma reservoir in the middle crust (~10–15 km depths)
recharging the shallowmagma chamber19,20. However, whether there is a
deeper magma reservoir, especially around the crust-mantle boundary,
remains ambiguous because the presently available small-scale dense
seismic array is only sensitive to the upper-middle crustal structure.
Regional-scale ray-based ambient noise tomography revealed a local and

relatively weak low-velocity (low-V) anomaly in the lithospheric mantle
beneath the WDLC volcano21. In contrast, a joint inversion of ambient
noise and teleseismic surface waves revealed pervasive low-V anomalies
extending down to 200 km depth beneath the WDLC volcano and its
adjacent areas22. However, the ray-based seismic tomography has diffi-
culties in resolving small-scale low-V anomaly patterns and amplitudes
due to thewavefront healing effect23,24.Moreover, all the previous seismic
models have limited resolution for the entire potassic volcanic region,
and cannot resolve more details of structural anomalies, which hamper
further understanding of the trans-crustal magmatic systems of the
potassic volcanoes in northeast China.

With the enhancement in the WAVESArray seismic station cov-
erage, 106 temporary broadband seismometers were deployed by the
National Institute of Natural Hazards, Ministry of Emergency Man-
agement of China from August 2015 to April 2019, covering the entire
potassic volcanic region (Fig. 1c). This provides an opportunity to elu-
cidate the detailed trans-crustal structure of the potassic volcanoes in
northeast China. Here we present new high-resolution seismic images of
the crust and uppermost mantle obtained with the full-waveform
ambient noise tomographic method25–29. This method adopts a special
frequency-time-normalization technique to retrieve high-quality Ray-
leigh wave empirical Green’s functions (EGFs) at 5–40 s periods30

(Supplementary Fig. 1), calculates 3-D finite‐frequency sensitivity of

Fig. 1 | Tectonic setting of northeast China and the distribution of seismic
stations. a Distribution of the potassic (purple patches) and sodic (green patches)
rocks in northeast China. The inset shows the geographic location of the study
region. Changbaishan (CBS), Jingpohu (JPH), Halaha (HLH), Great Xing’an Ranges
(GXAR), Lesser Xing’an Ranges (LXAR), Songliao basin (SLB), Tanlu fault (TLF).
b Variations of K2O versus Na2O at the Nuominhe (NMH), Xiaogulihe (XGH),
Keluo (KL), Wudalianchi (WDLC), and Erkeshan (EKS) volcanoes4. c Seismic

stations used in this study for full-wave ambient noise tomography. The yellow and
green squares denote the WAVESArray I and WAVESArray II seismic stations,
respectively. TheWAVESArray I contains 46 portable stations from August 2015 to
April 2019, whereas the WAVESArray II contains 60 temporary stations from July
2016 toApril 2019. The blue and green squaresmark the locations of the station pairs
for waveform fitting in Fig. 2. The red volcanic symbols denote potassic basalt
volcanoes.
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Rayleigh wave rather than seismic rays31, inverts the sensitivity of Ray-
leigh wave for both P and S wave velocity (Vp, Vs) perturbations with a
set of smoothing and damping parameters, and therefore improves the
model accuracy (Supplementary Figs. 2–4). The 3-D Vs model is then
updated progressively by reducing themisfit between the observed EGFs
and synthetic waveforms. Our new tomographic result evidently
delineates the deep interactive characteristics of the entire potassic
volcanic units and presents important clues formonitoring the potential
eruption risk of the WDLC volcano in the future. Our high-resolution
tomography of the crust and uppermost mantle provides new insight
into the trans-crustalmagmatic systembeneath the potassic volcanoes in
northeast China.

Results and discussion
Seismic images of the WDLC potassic volcanic region
By integrating our latest dense WAVESArray broadband seismic array, we
can now accurately distinguish finer-scale seismic features with a horizontal
resolutionof~40 km(SupplementaryFigs. 5 and6).Wecompare ourmodel
with the initial reference model32–35, demonstrating that the final tomo-
graphicmodeldoes not rely on seismic features in the initial referencemodel
(Supplementary Figs. 7–11). Our tomographic results reveal several trans-
crustal features beneath the WDLC volcano and its adjacent areas (Fig. 2).
The shallow crustal velocity structures are well correlated with the regional
surface topography. Low-V anomalies are imaged beneath the Songliao
Basin, laterally coincident with the outline of the basin, and high-velocity
(high-V) anomalies are imaged beneath the major mountain belts. In the
middle crust, relatively low-V anomalies exist below the WDLC-NMH-
XGH volcanic areas with uneven patterns, and those low-V anomalies

appear to horizontally interconnect between the volcanoes. Specially, a low-
V zone at depths of ~15–30 km appears to be relatively strong and hor-
izontally connected between the potassic volcanoes (Fig. 3). Near the crust-
mantle boundary, prominent high-V anomalies exist (Fig. 2c), which could
be associatedwith ancient remnant structures, resulting from cooling of the
lithosphere since rifting ceased about 100 Ma36. Two channel-shaped rela-
tively weak low-V anomalies ascend from the uppermost mantle beneath
the NMH and KL volcanoes (Fig. 3a), which may reflect vertical pathways
for magma upwelling. Very strong high-V anomalies extend from the
Songliao Basin to the WDLC volcano in a depth range of ~30–45 km
(Fig. 3c, d). Similar high-V anomalies in the uppermost mantle beneath the
WDLC volcanic region were also revealed by previous studies using dif-
ferent datasets and tomographicmethods37,38. The newly detected structural
variations suggest that themagmatic systems beneath the potassic volcanoes
in northeast China have unique features.

A series of uncertainty estimates and recovery tests are performed to
evaluate the reliability and spatial resolution of our tomographic model.
The misfit between the synthetics for the inverted 3-D Vs model and the
observed EGFs decreases after four iterations. In comparison with those
for the initial reference model32, the final phase delays are gradually
minimized and less scattered at all period bands (Supplementary
Figs. 2 and 3). The synthetic waveforms for the final Vs model match the
observed EGFs well (Fig. 2e, f), indicating that the improved Vs model is
more reliable and compatible with the EGFs observations. To further
validate the reliability of the key structural features, we perform specific
model recovery tests in terms of amplitude and geometry between the
potassic volcanoes, including thehorizontally connected low-Vanomalies
in the middle to lower crust and vertical magmatic pathways near the

Fig. 2 | Shear-wave velocitymodel andwaveformfitting. a–dVelocity slices shown
at depths of 5 km, 19 km, 36 km, and 55 km, respectively. The red triangles represent
the potassic basalt volcanoes. The thick black lines in (d)mark the profile locations in
Fig. 3. e, f Waveform fitting between observed EGFs and synthetic waveforms at

different period bands. The black lines denote the observed EGFs. The red solid lines
and the green dashed lines represent synthetic waveforms for the finalmodel and the
initial model, respectively. Locations of the station pairs are shown in Fig. 1c. Other
symbols are the same as in Fig. 1.
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crust-mantle boundary (Supplementary Figs. 12–14). The test results
show that the recovered anomalies can be clearly distinguished with a
minor degree of unavoidable velocity smearing. The observed key struc-
tural features under the potassic volcanoes are robust, thanks to the
densely deployed seismic stations. Note that the previous regional-scale
seismic images with lower resolution could not reveal the vertical mag-
matic pathways beneath the potassic volcanoes21,22.

Magmatic plumbing systems of the WDLC volcanic region
Compared to the widespread upper mantle low-V anomalies revealed by
large-scale tomographic studies39,40, our high-resolution Vs tomography
resolves a detailed 3-Darchitecture of trans-crustalmagma systems beneath
the entire potassic volcanic units. Themost conspicuous characteristic in the
middle-lower crust is a horizontally ~15-km-thick interconnected low-V

zone that is clearly located beneath the XGH-KL-WDLC-EKS volcanic belt
(Fig. 3c). Obtaining a more precise geometry of the low-V zone has new
implications for understanding the magmatic processes. High crustal
temperature and partial melting are the most likely factors to interpret the
presence of such a low‐V body. TheWDLC volcano is characterized by low
surface heat flow (~44mW/m2)41, suggesting that the volcano does not
release an amount of heat. However, the estimated melt fraction of the
magma reservoir in the middle crust is >∼15%, with an approximate water
content of ~2.1%20. Therefore, we suggest that the low-V zone probably
reflects magmatic plumbing systems that are connected horizontally with
melts and/orfluidsmovingdirectly among thepotassic volcanic units. Thus,
our Vs tomography provides direct seismic evidence for a horizontally
extensive magmatic plumbing system in the crust, which may play an
important role in the magmatic migration and chemical evolution between
the potassic volcanic units.

Rocks from the WDLC volcanic region are all characterized by high
potassium contents and enriched Sr-Nd isotopic compositions, suggesting
that they may have been derived from a common mantle source42–44. The
seismic evidence presented in this study for the interconnected magmatic
system beneath individual volcanoes is consistent with the previous petro-
genetic assessment. Themagma source has been proposed either within the
lithospheric mantle45, or from the mantle transition zone associated with
the stagnation of the deeply subductedwesternPacific slab10,11,43,46.However,
the stagnant slab is widespread in the mantle transition zone under East
Asia, to the east of theNorth-SouthGravity Lineament14, and the volcanism
in this broad region contains both sodic and potassic rocks. It is unclear how
the deeply seated slab could control the composition of the erupted volca-
nics, and high-resolution mantle tomography obtained by a joint inversion
of surface-wave and body-wave data may help resolve this issue.
Other studies attributed the compositional variation in these highly
potassic basalts to the lithospheric thickness variation and lithosphere-
asthenosphere interaction47–50.Nevertheless, it is challenging to reconcile the
origin of the concentrated potassic volcanic clusters with the extensive
structural variations observed in the lithospheric mantle and mantle tran-
sition zone in northeast China15,51.

Previous seismic tomographic studies could not elucidate well the
relationship between the crustal heterogeneity and spatial distribution of
potassic basalts due to the sparse distribution of seismic stations21,22,39,40. The
densely deployedWAVESArray stations in theWDLC volcanic region led to
an obvious improvement in deep seismic imaging. In particular, we are able
to detect the interconnected low-V zone in the middle-lower crust. Based on
this new finding and the common mantle source hypothesis, we propose a
new scenario for the genesis of the potassic intraplate volcanism in northeast
China. The crustal interconnected low-V zone may represent remnant
magma pathways that transport the metasomatized potassium-rich melts,
which appears to promote chemical homogeneity as time progresses among
the potassic volcanic units. Although the NMH, KL, WDLC, and EKS vol-
canic rocks are all classified as potassic series (1 <K2O/Na2O< 2) in
composition2, the NMH volcano exhibits an obviously lower K2O/Na2O
ratios52,53 (Fig. 1b). A longer duration of melt-rock interaction would lead to
lower K2O/Na2O,

87Sr/86Sr ratio, and Rb/Nb ratios54 (Supplementary Fig. 15).
The variations in composition suggest that the NMH volcano underwent
longer duration of melt-rock interaction during potassic melt ascent,
resulting in increased K consumption and subsequently lower K2O/Na2O in
the residual melts54. Coincidently, the structural features resolved by our Vs
tomography beneath these potassic volcanoes are obviously different. For
instance, we observe a direct vertical magmatic pathway ascending from the
uppermost mantle beneath the KL volcano and a weaker vertical magmatic
pathway beneath the NMH volcano (Fig. 3a). The weaker vertical magmatic
pathway beneath the NMH volcano could increase the periods of melt-rock
interaction, corresponding to a reduction of the K2O/Na2O ratio. By con-
trast, there is no low-V anomaly extending toward the underlying crust right
below the WDLC volcano, whereas strong high-V anomalies are mainly
located in the uppermost mantle and extend from the SLB to the WDLC
volcano (Fig. 3d), which seem to act as barriers preventingmagma ascending

Fig. 3 | Vertical cross-sections of the shear-wave velocity model. a–d Velocity
anomalies along different profiles. The black line in each panel denotes the Moho
discontinuity33. See Fig. 2d for the profile locations. The surface topography is shown
atop each cross-section. Other symbols are the same as in Fig. 1. The black arrows
depict vertical magmatic pathways based on our tomographic images. High-V
denotes a high-velocity anomaly.
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directly below the WDLC volcano. In the new scenario, based on the cor-
relation between seismic structure and geochemical composition, we suggest
that themore active vertical crust-mantle magmatic pathways could decrease
the period of melt-rock interaction, corresponding to an increase in K2O/
Na2O ratio. Moreover, the horizontal interconnected low-V zone in the crust
can facilitate direct transfer of potassium-rich magma between the three
neighboring volcanoes (KL, WDLC, and EKS), which can well explain the
existence of the localized volcanoes with similar potassium contents during
the magma compositional evolution.

Trans-crustal magmatic systems of the WDLC potassic
volcanic region
The conceptual models of volcanism have evolved from the initial melt-
dominated magma chamber to the trans-crustal magmatic systems. The
new trans-crustal magmatic systems describe the vertically extensive
magma storage17, including mantle-derived melts, middle-lower crustal
reservoirs, and upper crustal pre-eruptive chambers. However, such a
hypothesized model is rarely testified in nature probably because of the
complexity of magmatic systems and insufficient resolution of seismic
detection. The potassic volcanic units host unique vertical and horizontal
magma plumbing systems (Fig. 4), providing invaluable seismic evidence
for verifying the trans-crustal magmatic conceptual model in northeast
China. Two vertical low-V anomalies occur in the uppermost mantle
beneath the NMH and KL volcanoes, representing the magma ascending
pathways connecting the mantle source and crustal reservoirs. By contrast,
in themiddle-lower crust, themost conspicuous seismic characteristic is the
horizontal interconnected low-V zone at depths of ~15–30 km among the
potassic volcanic units, which provides pathways for migrating magmatic
melts and facilitates the exchange of chemical composition among the
potassic volcanoes. Interestingly, the middle-upper crustal magma reser-
voirs of the latest erupted WDLC volcano appear to be recharged by the
deeper and larger KL crustal magma reservoirs through the horizontally
interconnected magmatic pathways. Here, the newly observed magmatic
structures provide additional information on the trans-crustal magmatic
systemmodel asproposedbyCashmanet al.17. Thismagmatic systemmodel
emphasizes the vertical multiphase magmatic systems where the magma
migrates upwards, and the deeper magma reservoirs recharge the shallow
magma reservoirs incrementally. Our high-resolution tomography suggests
that the horizontal magmatic plumbing systems may be another way to
deliver the magma between the WDLC and KL volcanoes. The horizontal
plumbingmaybe createdby crustal extension innortheast China during the
late Mesozoic, which is also supported by previous multimodal Rayleigh-
wave tomography55 illustrating a widespread mid-crustal low-V layer in

northest China. This resulted in the deformation of a weak middle-lower
crust, forming the crystallographic preferred orientation of the middle-
lower crustal minerals. This geological process could be influenced by the
northwestward subduction of the Paleo-Pacific plate and the closure of
the Mongol-Okhotsk Sea in the north1,3. The lateral movement of melts
could be further powered by the dynamic force associated with the hot
upwelling.When the upward-movingmelts are reactive and rapidly ascend
to the shallow crust of the latest erupted WDLC volcano, the deeper and
larger KLmagma reservoirs may recharge theWDLCmiddle-crust magma
reservoirs to achieve mass balance through the horizontal interconnected
magmatic pathways. Thus, the horizontal magmatic plumbing systems are
not only conducive to the magmatic movements, but also can well explain
the similar geochemical signatures observed among the potassic volcanic
units. Furthermore, from the volcanic hazard perspective, although the
WDLC is currently the most active volcano in this region, it is important to
pay close attention to the larger crustal magma reservoirs beneath the KL
volcano due to their potential hazard. Integrated multidisciplinary investi-
gations and 3-D numerical modeling are highly desirable in the future, in
particular, in the monitoring and mitigation of volcanic hazards.

In summary, our high-resolution tomography reveals a robust 3-D
architecture of the trans-crustal magmatic systems beneath the potassic
volcanic units in northeast China. The vertical magmatic pathways linking
the uppermost mantle and crust promote the interaction between the
mantle source and the crustal reservoirs beneath the NMH and KL volca-
noes. The interconnected low-V zone in the middle-lower crust could
transport melts horizontally, responsible for the formation of chemical
homogeneity among the potassic volcanic units. These new findings not
only provide seismic evidence for the previously hypothesized trans-crustal
magmatic concept, but also help better understand the magma storage and
migration, as well as the geochemical evolution of the enigmatic intraplate
volcanism in northeast China.

Methods
Model parameterization and finite‐difference wave simulation
The initial 3-D reference model is derived from a 3-D Vs model para-
meterized with a lateral grid interval of 0.5° beneathmainland China32. The
initial model grid extends from 45° to 53° north latitude (~668 km), and
from 120° to 132° east longitude (~878 km), and from the Earth’s surface
down to199 kmdepthwitha vertical grid interval of 0.5 km.To improve the
efficiency of the finite-difference algorithm, we use a non-uniform grid
interval to discretize the computational domain. The lateral grid interval is
0.025° in both the longitudinal and latitudinal directions, and the vertical
grid size varies continuously with a smaller interval in shallow layers and
increases with depth. The Vp and density in the initial model are derived
from empirical relationships56. We use a non-staggered‐grid finite‐differ-
ence method to simulate waveform propagation in the 3-D heterogeneous
Earth’s structure57. The syntheticwaveforms are calculated using aGaussian
pulse acting as the source-time function at each station. The updated syn-
thetic waveforms are calculated for the iteratively updated 3-D velocity
model during each iteration. In terms of the longest inter-station distance in
the study, we run a total of 2000 steps with a time step of 0.15 s to simulate
300 s wave propagation time.

3-D finite‐frequency sensitivity kernels and joint inversion
The 3-D finite‐frequency sensitivities of the Rayleigh wave are calculated at
eachperiodbandusing the scattering-integralmethod31,which canbeused to
resolve an accurate high-resolution 3-D velocity model in comparison with
the ray theory.We consider the sensitivity kernels for both Vp and Vs in the
joint inversion, which can provide more constraints on the shallow crustal
structure and obtain more accurate and robust solutions for the deep struc-
tures. The phase delay time δt is determined by a joint Vp and Vs inversion,

δt ¼
Z

½Kαðm0; xÞΔmα þ Kβðm0; xÞΔmβ�dV ð1Þ

Fig. 4 | A schematic diagram of trans-crustal magmatic systems beneath the
potassic intraplate volcanoes in northeast China. The geometries of the magma
storage and plumbing systems are simplified. Two vertical magmatic pathways
ascend from a common mantle source extending to the middle crust beneath the
NMH and KL volcanoes, and the horizontal crustal magmatic pathways transport
the potassium-rich melts directly among the potassic volcanic groups.
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where m0 is the 3-D reference velocity model, Kα and Kβ are 3-D Rayleigh
wave sensitivity kernels toVpandVs, respectively, andΔmα andΔmβ areVp
and Vs perturbations at each grid node. The joint inversion is conducted
using the LSQR algorithm with a series of damping and smoothing
constraints58.

Data availability
The seismic waveform data used in the study and the obtained 3-D Vs
model are archived on the webpage (https://doi.org/10.5281/zenodo.
7780684)59.

Code availability
The codes available for full-wave ambient noise tomography are archived in
a repository (https://doi.org/10.5281/zenodo.13117863)60.
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