
1. Introduction
The Changbaishan volcano is the largest intraplate volcanic region in northeast Asia and is located more than 
2,000 km from the trench of the western Pacific subduction zone (Figure 1a). Due to its large distance from 
the convergent boundary, the origin of the magmatism cannot be simply explained by plate tectonics (Tang 
et al., 2014). One early study by Tatsumi et al. (1990) proposed that asthenosphere upwelling, associated with the 
opening of the Japan Sea, would explain the formation of the Changbaishan volcano, but its origin has continued 
to be debated. With the development of seismic tomography, that is, a technique to provide 2-D or 3-D seismic 
images of the deep Earth, structures down to the mantle transition zone provide new clues for the origin of 
intraplate volcanism.

Using P-wave travel times, Huang and Zhao (2006) and Chen and Pei (2010) observed a flat Pacific slab in the 
mantle transition zone that extend westwards up to 2,000 km from the trench. Accordingly, Zhao et al. (2009) and 
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high-resolution 1D and quasi-2D velocity-depth profiles. We show that the upper mantle is characterized by 
two anomalies exhibiting distinct features which cannot be explained by the same mechanism. We document a 
localized low-velocity anomaly atop the 410-km discontinuity, where the P-wave velocity is reduced more than 
that of the S-wave (i.e., lower Vp/Vs). We propose that this anomaly is caused by the reduction of the effective 
moduli during the phase transformation of olivine. The other anomaly, located between 300 and 370 km depth, 
reveals a significant reduction of the S-wave velocity (i.e., higher Vp/Vs), associated with a reduction of the 
electrical resistivity, altogether consistent with partial melting.

Plain Language Summary On Earth, most magmatic activities occur at plate boundaries, which 
can be explained by plate tectonics. However, the largest intraplate volcanic region in northeast Asia, the 
Changbaishan volcano, is situated on the border between North Korea and China about 2,000 km from the plate 
boundary and has several debated origins. We show that beneath the Changbaishan volcano, the upper mantle 
is characterized by two seismic velocity anomalies exhibiting distinct features which cannot be explained by 
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depth.
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•  The deep anomaly (i.e., atop the 
410-km, with a lower Vp/Vs ratio) is 
likely caused by the moduli reduction 
during the phase transformation
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Kuritani et al. (2011) proposed that the origin of the Changbaishan volcano is related to the dehydration of this 
flat (stagnant) slab. However, the expected island-arc signatures in the erupted rocks are absent, as indicated by 
geochemical studies (e.g., Chen et al., 2007; Zou et al., 2008). Using the differential travel time of the P waves 
(or S waves), Tang et al. (2014) identified a gap in the flat slab from the seismic tomography images. They thus 
proposed that, via this slab gap, mantle upwellings (i.e., low-velocity anomalies possibly originated from below 
the 660-km discontinuity) and the subsequent decompression melting at asthenosphere depths could feed the 
Changbaishan volcano. Although the methods employed were effective at providing the first seismic velocity 
models for the area, the resolution from travel-time tomography limits the detailed resolution of deep structures.

With increasing computational power, the development of efficient 3-D waveform simulation tools (Komatitsch 
& Tromp, 1999), and advances in inversion theory (Tromp et al., 2005), seismic tomography studies utilizing 
the full-waveform information have become feasible at both regional and global scales (e.g., Bozdag et al., 2016; 
Chen et al., 2015; Fichtner et al., 2009; French & Romanowicz, 2014; Lei et al., 2020; Tape et al., 2009; Zhu 
et al., 2015). For example, the regional tomographic model FWEA18 (Tao et al., 2018), derived from a data set 
consisting of both body waves and surface waves, has one of the highest resolutions among the full-waveform 
inversion models in East Asia. Owing to the relatively high-resolution images from the FWEA18 model, it is 
possible to further study the detailed subsurface structures down to the mantle transition zone.

More importantly, the FWEA18 model also provides an opportunity to combine the P- and S-wave models to 
decipher the origin of the Changbaishan volcano. For example, either the presence of volatiles (e.g., water) or 
high temperature could reduce the P- and S-wave speeds, but in different ways (Tseng & Chen, 2008). Specifi-
cally, from the laboratory measurement of the polymorphs of olivine, the effect of the temperature on the P- and 
S-wave speeds are comparable (Jackson et al., 2000; Kern, 1982; Sinogeikin et al., 1998). On the contrary, the 
hydration of crystal lattices or grain boundaries will cause a reduction in S-wave speed that is twice as high as the 
reduction in P-wave speed (Faul et al., 1994; Toomey et al., 1998).

In the cross-section along the down-dip direction and cutting through the Changbaishan volcano, the FWEA18 
model shows distinct features in the P- and S-wave models. In the P-wave model (Figure 1b) the low-velocity 
anomaly is mainly concentrated in the vicinity of the top of the 410-km discontinuity with a maximum ampli-
tude of −1.5%. In contrast, at depths between 300 and 370 km, no significant low-velocity anomaly is observed 
(i.e., less than −1.0%). In the S-wave model, there is also a low-velocity anomaly atop the 410-km discontinuity 
of similar or even smaller amplitude (i.e., about −1.0% to −1.5%) as that in the P-wave model (i.e., −1.5%). 
However, at shallower depths (i.e., 300–370 km), there are strong wave speed reductions (i.e., −1.5%), and those 
anomalies are distributed over a large depth range.

If such distinct behaviors in the P- and S-wave models are true features, this will indicate the low-velocity anomaly 
atop the 410-km discontinuity and the other one at a shallower depth (i.e., 300–370 km) likely result from differ-
ent mechanisms. However, although the FWEA18 model has the highest resolution among the full-waveform 
inversion models, its resolution is still limited due to the lack of short-period seismic data because of the large 
computational costs of 3D simulations. For example, the shortest period is 8 s for the P-wave, and the correspond-
ing resolution is about 50–80 km (Tao et al., 2018).

To determine whether the features in the FWEA18 model are valid or correspond to artifacts due to resolution 
issues, we need to analyze seismic data at higher frequencies, which provide better spatial resolutions. In this 
study, we perform 1D and quasi-2D waveform inversions with high-frequency data (i.e., the shortest period down 
to 2 s) to provide a more accurate 1D velocity-depth profile as “anchor points” in the cross-section of the tomo-
graphic FWEA18 model (i.e., the average 1-D model in the dashed box in Figures 1b and 1c).

2. Data and Method
2.1. Data

We selected high-quality datasets from two earthquakes whose locations allow a study along a sub-linear seismic 
array, that is, the cross-section located in Figure 1a. These two events occurred at a similar epicentral distance 
beneath the Japan Sea, but with different focal depths (Ekström et al., 2012). The first event, 20080604, occurred 
on 4 June 2008, with a moment magnitude of 5.7 and a focal depth of 220 km (Han et al., 2021). This relatively 
large event produced both clear P- and S-wave triplications, which are recorded by dense seismic stations in 
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China (Figure 1a). The second event, 20090824, occurred on 24 August 2009, with a moment magnitude of 5.3 
and a focal depth of 171 km. For this event, with a relatively smaller magnitude, only P-wave signals are clearly 
recorded.

We downloaded the continuous waveform data (300 and 1,200 s before and after the theoretical P-wave arrival) 
and used the Seismic Analysis Code (SAC) to remove the instrument response, with a pre-filtering from 0.01 to 
8 Hz. For our triplication study, we used displacement waveforms (Figure 2) and band-pass filtered (from 0.04 
to 1 Hz for the P-wave data, and 0.05–1 Hz for the S-wave data) the data with a zero-phase, second-order Butter-
worth filter.

2.2. Methods

2.2.1. Body Wave Triplications

Body wave triplications are sensitive to the structures near the discontinuity due to the dense ray paths of a 
combination of direct, reflected, and refracted waves (e.g., Bissig et  al., 2022; Stähler et  al.,  2012; Takeuchi 

Figure 1. Research region and cross sections. (a) Research region and locations of the earthquakes (events 20080604 and 20090824 are indicated by the black and 
red beach balls, respectively) and the stations (the black triangles). The red triangle marks the location of the Changbaishan volcano. The dashed black lines are slab 
depth contours from Slab2.0 model (Hayes et al., 2018). (b) P-wave speed perturbation from FWEA18 model (Tao et al., 2018) along the cross-section AA’ in (a). The 
red triangle denotes the location of the Changbaishan volcano. The seismic ray paths utilized in this study are shown as black curves in (d). The dashed box marks the 
region where the seismic data are most sensitive to. (c) Similar to (b) but for the S-wave speed perturbation. (d) Resistivity results from Li et al. (2020) approximately 
along the cross-section AA’ in (a).
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et al., 2014). Using the differential travel times and amplitudes in the triplicated wave trains (e.g., Brudzinski & 
Chen, 2003; Grand & Helmberger, 1984; LeFevre & Helmberger, 1989) also has the advantage of isolating the 
anomaly near the turning points from the entire ray paths, because different triplicated phases share almost the 
same paths near the source and receivers but are separated at the turning points (penetration depths). Therefore, 
triplications are effective tools to constrain the seismic structure at the target region (e.g., from 300 to 450 km).

However, there are also tradeoffs between model parameters (Shearer,  2000), that is, different models yield 
very similar triplication waveforms. The most important tradeoff, which will influence our measurement of the 
low-velocity anomaly, is the one between the size of the low-velocity zone and the location of the 410-km discon-
tinuity. For example, triplication observations are similar between models with a large wave-speed reduction with 
an uplifted 410-km discontinuity and a small low-velocity anomaly with a depressed interface, as demonstrated 
via a synthetic data set by Li, Chen, et al. (2022).

To investigate the influence of this important tradeoff, we varied the discontinuity depth from 380 to 440 km with 
an interval of 10 km. At each discontinuity depth, we performed a separate inversion. Results and discussions are 
based on the models from all these inversions.

2.2.2. 1D Inversion Scheme

We inverted both P-wave and S-wave triplication data using the FastTrip software (Li et  al.,  2021). FastTrip 
is an open-source waveform inversion package that is based on QSEIS (Wang, 1999) and the Niching Genetic 

Figure 2. Seismic observations and 1D synthetic waveforms. (a) Waveform comparison between the displacement data (in black) and the synthetics (in red, calculated 
using the average value of the acceptable models) for the P waves of event 20090824 on the vertical component. The shaded region marks the phase which is sensitive 
to the low-velocity zone atop the 410-km discontinuity. Synthetic waveforms based on the IASP91 model (Kennett & Engdahl, 1991) are also shown in the shaded 
region (in blue, also see Figure S1 in Supporting Information S1). A reduced slowness of 11 s/° is applied to the time axis for illustration purposes. (b) Similar to (a) 
but for the P waves of event 20080604. Vertical arrows highlight the waveform mismatches possibly due to the potential lateral variations. (c) Similar to (a) but for the 
S waves of event 20080604 on the tangential component. A reduced slowness of 21 s/° is applied. Note that clear S waves are not recorded for the other event with a 
smaller magnitude.
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Algorithm (Koper et al., 1999) for the 1D forward modeling and model selection, respectively. In the forward 
modeling part, we aligned and stacked the first P-waveform at larger distances (i.e., 20–22°) to represent the 
P-wave source time function. For the S-wave, we convolved the P-wave source time function with a constant 
t* value of 3 s to simulate the effect of attenuation of the S-waves (Stein & Wysession, 2009). We note that the 
choice of the source time function and the attenuation factor (i.e., t*) will not affect the inversion results much 
because we focused more on the differential arrivals and amplitudes between the triplicated waveforms, rather 
than the individual pulses.

With FastTrip, we can achieve better waveform fittings for array data than the trial-and-error approach, reveal the 
tradeoffs between model parameters, and quantitatively estimate the uncertainties. With 100 CPUs, one inver-
sion cycle (10,000 waveform simulations and model selections) with 13 unknown model parameters (i.e., two of 
them are immediately on the discontinuity to capture the velocity jump, and the others represent gradual velocity 
changes away from the interface) can be completed within hours.

3. Results
3.1. Waveform Fitting

The comparisons between the recorded (black) and synthetic (red) waveforms for the P waves on the vertical 
component for events 20090824 and 20080604 are respectively shown in Figures 2a and 2b. The S waves for 
event 20080604 on the tangential component are shown in Figure 2c. Synthetic waveforms for P and S waves 
are calculated using the average P- and S-wave speed models (i.e., the mean value of the models in Figures 3b 
and 3d, respectively). The synthetics correlate well with the data, with an average cross-coefficient higher than 
0.9 and 0.8 for the P- and S-waves, respectively. Both the relative arrival time and amplitude between the tripli-
cated phases are well-matched for most of the stations, indicating the reliability of the structures near the 410-km 
discontinuity.

Some mismatches exist between the synthetics and the data for the P waves (e.g., LN.FXI, HE.LOH, and BJ.MIY 
in Figure 2b). We attribute this to inconsistencies in the data, which may be caused by small-scale lateral heter-
ogeneities. For example, the amplitude of the second pulse for station LN.FXI is small (∼20% of the first pulse). 
However, for nearby stations LN.SHS (at a larger distance) and LN.GAX (at a smaller distance), the amplitude 
for the second pulse is larger (∼50%). This phenomenon also occurs for the first pulse for stations HE.LOH and 
BJ.MIY, compared with their nearby stations. This type of mismatch and its possible reasons are systematically 
analyzed in the discussion section.

3.2. P-Wave Speed Models

For the P-wave data, we performed inversions at discontinuity depths from 380 to 440 km with an interval of 
10 km. There are in total 14 inversions for two earthquakes. For each event, we first found the best-fitting model 
with the minimum misfit (L2 norm of waveform differences) and then defined the acceptable models (e.g., 
shaded regions in Figure 3) with misfits no larger than twice the minimum misfit of the best-fitting model.

For both events, there are no acceptable models when the discontinuity depth is either shallower than 390 km 
or deeper than 410 km, based on the waveform fits of the 1D inversion. At interface depths between 390 and 
410 km, the first-order patterns of the preferred model sets for event 20080604 (i.e., the shaded red regions 
in Figures  3a–3c) are similar to that for event 20090824 (i.e., the shaded grey regions in Figures  3a–3c): a 
low-velocity anomaly is located above the discontinuity, whereas the velocity at shallow depths (above 310 km) is 
similar to the IASP91 model. This overall consistency between the models confirms the robustness of the derived 
P-wave model, despite subtle differences that may arise from slightly different earthquake locations.

For most of the inverted models, there is a low-velocity zone (with a smaller velocity gradient compared with the 
IAPS91 model) above the discontinuity. Importantly, the size of the low-velocity zone decreases as the depth of 
the discontinuity increases, which exhibits the tradeoffs between these two parameters. For example, when there 
is no uplift (Figure 3c), a less pronounced low-velocity anomaly is observed in the inverted models (i.e., data 
can be fitted without introducing a more significant low-velocity anomaly atop the 410-km discontinuity as in 
Figures 3a and 3b). However, there is a maximum P-wave reduction of 0.3 km/s when the 410-km discontinuity 
is uplifted by 20 km (Figure 3a). Therefore, it is crucial to consider this tradeoff between the discontinuity depth 
and the velocity above the discontinuity.
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3.3. S-Wave Models

For the S-wave inversions, the acceptable discontinuity depths are also from 390 to 410 km (Figures 3d–3f). 
Different from the P-wave profiles, the S-wave models exhibit no sign of a localized low-velocity anomaly atop 
the 410-km discontinuity (Figures 3d and 3e). In addition, there is another different feature in the S-wave models, 
that is, a prominent low-velocity anomaly between 300 and 370 km. The existence of this shallow anomaly is not 
much affected by the discontinuity depth.

We did not invert for the structures near the 660-km discontinuity since the other triplication generated from the 
660-km discontinuity does not affect the waveforms we are interested in (i.e., in the shaded region, also see Figure 
S2 in Supporting Information S1).

4. Discussions
4.1. Quasi-2D Inversion

In the inverted models, one key difference between the P- and S-wave models is the location of low-velocity 
anomalies. The observed low-velocity anomaly in the P-wave models lies within about 30 km above the 410-km 

Figure 3. 1D-inversion results. (a) Inverted acceptable P-wave velocity models with a fixed discontinuity depth of 390 km. 
The model sets for events 20080604 and 20090824 are in shaded red and grey, respectively. The black curve represents 
the IASP91 model (Kennett & Engdahl, 1991). (b) Similar to (a) but for a discontinuity depth of 400 km. (c) Similar to (a) 
but for a discontinuity depth of 410 km. (d) Inverted acceptable S-wave velocity models from event 20080604 with a fixed 
discontinuity depth of 390 km. The black curve represents the IASP91 model. (e) Similar to (d) but for a discontinuity depth 
of 400 km. (f) Similar to (d) but for a discontinuity depth of 410 km.
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discontinuity (note that the exact location of this interface may not locate at 410 km depth). In contrast, the most 
prominent anomaly in the S-wave models is centered about 60 km above the 410-km discontinuity.

However, since a 1D approximation is assumed, it must be clarified that the different features between the P- 
and S-wave results are not artifacts of the 1D assumption. This is because, given the complex 3D and 2D (i.e., 
in a certain cross-section) structure of the subducting slab (e.g., Takeuchi et al., 2014; Tao et al., 2018), the 1D 
assumption may not be a reasonable approximation. For example, Wang et al. (2014), through forward modeling, 
proved that 2D and 3D structures can affect triplication travel time and waveforms. This influence is enhanced 
when the ray paths are parallel to the strike direction of the slab (Wang et al., 2014). Although, in this study, 
the ray paths are perpendicular to the Wadati–Benioff zone where the 2D and 3D influence is less severe (e.g., 
Han et al., 2021; Wang et al., 2014), we propose a new quasi-2D inversion scheme to quantitatively consider the 
effects of lateral variations.

In this quasi-2D inversion, we treat the structures near the turning points (i.e., inside the dashed box in Figure 1b) 
still as the 1D case. However, outside of this inversion box where triplications have fewer constraints, we selected 
the tomographic model FWEA18 as the background model. During the inversion, we kept the values outside the 
box unchanged, and only modify the velocity profile inside the inversion box (e.g., the depth range is from 300 
to 450 km).

On the one hand, this quasi-2D inversion included the 2D structures near the source (i.e., the subducting slab) and 
receiver. On the other hand, unlike a traditional 2D inversion, this quasi-2D inversion has fewer free parameters 
(i.e., 13 free parameters) given the 1D structure inside the inversion box.

Accordingly, for the forward modeling part, we have to replace the 1D simulation tool QSEIS (Wang, 1999) with 
a GPU-based 2D finite-difference method (Li et al., 2014). We prefer a GPU-based code because, with enough 
GPUs (e.g., 20 NVIDIA V100 cards), the inversion (with 10,000 simulations) can still be finished within one day.

For the P waves (Figures 4a and 4c), both the 1D synthetics (in red, Figure 4c) and quasi-2D synthetics (in blue, 
Figure  4c) generally match the recorded data. In addition, some waveform mismatches in the 1D synthetics 
(Figure  2b) can be significantly improved with the quasi-2D inversion scheme (e.g., LN.FXI, HE.LOH, and 
BJ.MIY in Figure 4c). This indicates that those apparent inconsistencies in the data (e.g., in Figures 2b and 4c) 
are likely caused by the lateral variations of the subsurface structures in the subduction zone, and thus cannot be 
considered with the 1D inversion setting (Figure 5).

We show in Figure 4a the difference between the inverted P-wave models (with a discontinuity depth of 390 km) 
for the 1D (in red) and quasi-2D (in blue) settings. The first-order patterns are still the same (i.e., the low-velocity 
anomaly is close to the discontinuity, without any other anomaly near ∼310 km).

For the S waves, Figure 4d shows that the 1D (in red) and quasi-2D (in blue) settings provide comparable wave-
form fits. However, Figure  4b indicates that there are discrepancies for the inverted models from those two 
settings, that is, the 1D assumption overestimated the velocity reduction near 320 km. With the 2D correction, 
although the amplitude of the shallow anomaly is reduced by about 30%, it is still a prominent feature. In addition, 
compared with the 1D inversion results, this anomaly is more vertically extensive in the quasi-2D results, which 
is more consistent with the features in the FWEA18 model (Figure 1c). In both the 1D and quasi-2D cases, there 
is no significant low-velocity anomaly in the vicinity of the 410-km discontinuity.

Such discrepancies between the P- and S-wave models have also been observed in the regional tomography 
model FWEA18 (Figures 1b and 1c). Although the FWEA18 model has a relatively lower resolution than the 
1D or quasi-2D models in this study, it is inferred from the 3D inversion and thus suggests that the features we 
evidenced are not artifacts of the 1D or quasi-2D approximation.

4.2. The Shallow Low-Velocity Zone

The mechanism behind the low-velocity zone can be deciphered by the comparison between the P- and S-wave 
models. At depths between 300 and 370  km, no significant low-velocity anomaly is observed in the P-wave 
models from either this study (i.e., only −0.4% on average; Figure 4a) or the FWEA18 model (i.e., about −1.0%; 
Figure 1b). However, the reduction of the S-wave velocity is about −1.7% (e.g., Figure 4b) in this study, and 
−1.5% in the FWEA18 model (Figure 1c), respectively. We note that the exact amplitude of the wave speed 
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reduction depends on the reference model and the model parameterizations in the inversion, but the feature of a 
higher Vp-to-Vs ratio in this depth range is robust (e.g., compared to the IASP91 model between 300 and 370 km).

A high-temperature anomaly would decrease both the P- and S-wave speeds (e.g., −0.4 to −0.6 m/s/K and −0.3 
to −0.4  m/s/K for the P- and S-wave speed reductions, respectively) as reported in several studies (Jackson 
et al., 2000; Kern, 1982; Sinogeikin et al., 1998). As this low-velocity anomaly more predominantly affects the S 
waves between 300 and 370 km, it cannot be caused by a thermal anomaly alone.

Hydrous phases, for example, water-saturated olivine with 0.4% water by weight, can only lower the S-wave 
speeds by a very small amount (e.g., less than 1% in Mao & Li, 2016). Therefore, the prominent low-velocity 
anomaly in the S-wave models is unlikely to be explained by hydrous phases alone.

However, partial melting can significantly lower the S-wave speeds. Melt-induced reduction in the S-wave speed 
is greater than that in the P-wave speed (Faul et al., 1994; Toomey et al., 1998). For example, with about 5% of 
melt, the reduction in the S-wave speed is twice larger than the reduction in the P-wave speed. Considering melt 
as a diffuse and thin grain-boundary film, it would reduce the S-wave speed by reducing the resistance to shear 
of grain boundaries, without significantly affecting the P-wave speed.

Moreover, recent electrical conductivity imaging (Li et al., 2020) in the same cross-section exhibits a low-resistivity 
(i.e., high-conductivity) column from the root of the Changbaishan volcano down to the 410-km discontinuity 

Figure 4. Quasi-2D inversion results and waveform comparisons. (a) Comparison of the P-wave models using the 1D inversion (shaded red) and quasi-2D inversion 
(shaded blue) for event 20080604 with an interface depth of 390 km. The black curve indicates the IASP91 model (Kennett & Engdahl, 1991). (b) Similar to (a), but for 
the S-wave models. (c) Waveform comparisons between the data (in black), 1-D synthetics (in red), and quasi-2D synthetics (in blue) for the P-waves of event 20090824 
on the vertical component. The misfit window is denoted by the length of the synthetic waveforms. The vertical arrows mark the improvements in waveform fitting with 
the quasi-2D inversion scheme. (d) Similar to (c), but for the S-waves.
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(Figure 1d). A comparison between the seismic and conductivity images shows that this low-resistivity region is 
laterally offset by about 100 km to the west of the S-wave velocity anomaly in the upper mantle (Figure 1c). This 
discrepancy might be due to different sensitivities to partial melt distribution and temperature between seismic 
velocity and electric conductivity, and/or differences in measurement locations (e.g., Cordell et al., 2020). Never-
theless, the lateral offset diminishes with increasing depth and the bottom of the low-resistivity anomaly agrees 
with the location of the slab gap in the mantle transition zone from the seismic model (Figure 1c).

This is a strong evidence of partial melting because resistivity is very sensitive to interconnected conductive 
materials. However, it is challenging to further convert the velocity reduction to the amount of partial melt 
because there is a large uncertainty in the relationship between rock properties and seismic velocities (Wei & 
Shearer, 2017). For example, for the same S-wave speed reduction of 10%, Hier-Majumder and Tauzin (2017) 
and Yamauchi and Takei (2016) derived different melt estimations of 4% and 1%, respectively. Finally, the source 
of such partial melting can originate from either slab dehydration (Huang & Zhao, 2006) or from the buoyant 
materials coming from the lower mantle via the gap in the slab (Tang et al., 2014).

4.3. The Low-Velocity Zone Atop the 410-km Discontinuity

Both the P- and S-models in the FWEA18 model exhibit low-velocity anomalies atop the 410-km discontinuity 
(i.e., from 120°E to 132°E in Figures 1b and 1c). We note that the exact value of the velocity reduction inferred 
from our study can be affected by the choice of the reference model and model parameterizations. Nevertheless, 
since the model parameterizations are the same for both the P- and S-wave models, it is reasonable to compare the 
first-order patterns between them. P-wave models clearly illustrate a low-velocity anomaly atop the discontinuity 
regardless of the interface depth and inversion approach (i.e., 1D or quasi-2D), whereas there is no clear evidence 
for a low-velocity anomaly in the S-wave models atop the 410-km discontinuity.

Given the similar or even smaller amplitude of the S-wave anomaly compared to the P-wave anomaly in the 
FWEA18 model (Figures 1b and 1c), together with a lower Vp-to-Vs ratio (e.g., compared to the IASP91 model) 
in our velocity-depth profiles (i.e., a more prominent P-wave speed reduction), we propose that this anomaly 
cannot be caused by partial melting, since partial melting should cause more significant reductions in the S-wave 
speeds.

Figure 5. Sketch of the preferred interpretations, showing the seismic velocity anomalies beneath the Changbaishan volcano 
(red triangle). The subducting Pacific slab is shown in green (i.e., the harzburgitic layer) and purple (i.e., oceanic crust). 
The first low-velocity anomaly (with a high Vp/Vs ratio) is shown in red (modified from Figure 5 in Tang et al., 2014) and 
is attributed to partial melting, which could originate either from deep dehydration of the slab (Zhao et al., 2009) or from 
buoyant materials coming from the lower mantle via a possible gap in the slab (Tang et al., 2014). The second low-velocity 
anomaly is drawn in orange (with a low Vp/Vs ratio) and is likely caused by the reduction of the effective moduli during the 
phase transformation between olivine and wadsleyite (Durand et al., 2012).
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A relatively deeper mantle transition zone has been reported in the region (e.g., Sun et al., 2021), attributed to 
a higher temperature given the positive Clapeyron slope of the olivine-wadsleyite phase transition. Yet, despite 
this indirect evidence for a slightly warmer transition zone, temperature anomalies should affect both the P- and 
S-wave speeds to similar extents (e.g., Jackson et  al.,  2000; Kern,  1982; Sinogeikin et  al.,  1998). Therefore, 
thermal anomalies alone (if any) could not be responsible for the more pronounced P-wave speed reduction. We 
also note that our previous rejection of a deeper mantle transition zone (e.g., the interface depth is no deeper than 
410 km) is based on the waveform fits of the 1D inversion. By utilizing the 2D inversion setting to improve the 
waveform fits, it is possible to accept a deeper discontinuity without contradicting the mantle transition zone 
depth reported by Sun et al. (2021).

Our result can be viewed as an “anchor point”, that is, an average 1-D model with a vertical resolution of ∼20 km 
(width of the Fresnel zone), of the FWEA18 model near the turning points of the ray paths (i.e., shown in 
Figure 1d, in black). In addition, we considered different discontinuity depths and found that all possible inter-
face locations exhibit consistent conclusions. Thus, our results confirm that the features in the FWEA18 model 
in the vicinity of the 410-km discontinuity are not artifacts due to either the damping or the fixed discontinuity 
depth during the full-waveform inversion. We note that the FWEA18 model shows that this low-velocity anom-
aly extends to a wider horizontal scale (i.e., from 120°E to 132°E). Therefore, we propose that this localized 
low-velocity anomaly is likely caused by the reduction of the effective moduli during the phase transformation 
(Anderson, 1998; Jackson, 2007; also see Figure S3 in Supporting Information S1).

In zones where olivine (low-pressure phase) and wadsleyite (high-pressure phase) coexist (e.g., a thickness of 
10 km for the 410-km discontinuity (Durand et al., 2012)), any pressure perturbation by a passing seismic wave 
(e.g., on the order of ∼10 −7 GPa) would disrupt the equilibrium and potentially induce the phase transformation 
in one way or the other (Li & Weidner, 2008). Durand et al. (2012) showed that this transformation loop does not 
affect S waves much, but potentially influences the P waves. This is consistent with the more prominent P-wave 
speed reduction in both the FWEA18 model and our study. In addition, since this mechanism is related to the 
phase transition, it would explain why the low-velocity anomaly is only limited to the region atop the 410-km 
discontinuity.

Elastic moduli are intrinsic properties of materials and can depend either on chemical variations, pressure, 
temperature, and grain size (e.g., Hilairet et al., 2007; Isaak, 1992; Wang et al., 2003). For sake of clarity and in 
order not to induce overinterpretation, we only deal with effective moduli in this study, which can for example, 
be reduced by grain size reduction.

5. Conclusions
The upper mantle beneath the Changbaishan volcano is characterized by two seismic low-velocity anomalies with 
distinct Vp-to-Vs ratios. These features cannot be explained by the same mechanism.

We selected two earthquakes and a sub-linear array to perform high-resolution 1D and quasi-2D inversions. 
Our derived velocity-depth profile can be viewed as a high-resolution “anchor point” in the cross-section of 
the full-waveform inversion model FWEA18 and confirms the distinct behaviors of the P and S waves in the 
FWEA18 model (Figures 1b and 1c). Complementary electrical conductivity imaging also exhibits a column of 
abnormally high conductivity from the 410-km discontinuity up to the root of the Changbaishan volcano.

Based on the above evidences, we argue that the two distinct low-velocity anomalies in the upper mantle are not 
due to the same mechanism. Near the 410-km discontinuity, the low-velocity anomaly would be caused by the 
reduction of the effective moduli during the phase transformation (e.g., Durand et al., 2012). However, the other 
low-velocity anomaly which mostly affects the S waves and the associated high electrical conductivity between 
200 and 370 km are more likely caused by partial melting, which can originate either from slab dehydration 
(Huang & Zhao, 2006) or from buoyant materials via a tear in the Pacific slab (Tang et al., 2014).

Data Availability Statement
The software FastTrip used to perform the waveform inversion is freely accessible (https://github.com/liji-
aqi0315/FastTrip, https://doi.org/10.5281/zenodo.6392194). Seismic stations used in this study are described 
in Zheng et al. (2010), https://doi.org/10.1785/0120090257, and the waveform data are freely accessible in the 
Zenodo repository (https://doi.org/10.5281/zenodo.7102579) (Li, Li, et al., 2022).
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