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We construct a new 3-D shear wave speed model of the crust and the uppermost mantle beneath 
Northeast China using the ambient noise adjoint tomography method. Without intermediate steps of 
measuring phase dispersion, the adjoint tomography inverts for shear wave speeds of the crust and 
uppermost mantle directly from 6–40 s waveforms of Empirical Green’s functions (EGFs) of Rayleigh 
waves, which are derived from interferometry of two years of ambient noise data recorded by the 127 
Northeast China Extended Seismic Array stations. With an initial 3-D model derived from traditional 
asymptotic surface wave tomography method, adjoint tomography refines the 3-D model by iteratively 
minimizing the frequency-dependent traveltime misfits between EGFs and synthetic Green’s functions 
measured in four period bands: 6–15 s, 10–20 s, 15–30 s, and 20–40 s. Our new model shows shear wave 
speed anomalies that are spatially correlated with known tectonic units such as the Great Xing’an range 
and the Changbaishan mountain range. The new model also reveals low wave speed conduits in the mid-
lower crust and the uppermost mantle with a wave speed reduction indicative of partial melting beneath 
the Halaha, Xilinhot–Abaga, and Jingpohu volcanic complexes, suggesting that the Cenozoic volcanism 
in the area has a deep origin. Overall, the adjoint tomographic images show more vertically continuous 
velocity anomalies with larger amplitudes due to the consideration of the finite frequency and 3-D effects.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Northeast China (NE China) is bounded by two distinct cra-
tons, the North China craton in the south and the Siberia craton 
in the north, and stretches to the Japan Sea in the east. NE China 
consists mainly of two composite blocks, the Songnen–Jiamusi 
and Erguna–Great Xing’an, which completed the accretion in Early 
Permian (Klimetz, 1983; Meng, 2003; Li, 2006; Li et al., 2012;
Zhou and Wilde, 2013). It then collided with the North China 
craton along its southern edge after the closure of the Paleo-
Asian Ocean in the Late Permian to Early Triassic (Eizenhofer et 
al., 2014), followed by a second collision with the Siberia craton 
along the northern edge after the closure of the Mongol–Okhotsk 
Ocean in the Late Jurassic to Early Cretaceous times (Van der 
Voo et al., 2015). These two collisions led to the formation of 
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the Solonker suture zone in the south and the Mongol–Okhotsk 
suture zone in the north (Fig. 1). During and after these colli-
sions, NE China experiences a series of orogeny, basin formation 
and volcanism (Li and Ouyang, 1998; Ge et al., 2010; Lin, 2011;
Tang et al., 2014), and now the region has evolved to a mosaic of 
several distinct terranes, including orogenic belts, basins and vol-
canoes. We divide NE China into three main tectonic units, the 
Great Xing’an range (also known as the Xing’an–Mongolia Orogenic 
Belt, XMOB) in the west, the Songliao basin in the middle, and the 
Changbaishan–Jingpohu range in the east (Fig. 1).

The Great Xing’an range is the eastern part of the Central Asian 
Orogenic Belt (CAOB), which is also known as the Altaids and is 
one of the largest accretionary orogens in the world developed be-
tween ∼600 Ma and 250 Ma by multiple accretions of terranes 
with different origins (Shao et al., 1994; Li and Ouyang, 1998;
Wilhem et al., 2012; Zhou and Wilde, 2013). The NNE trending 
Daxing’anling–Taihang Gravity Line (DTGL) (Xu, 2006) separates 
the Great Xing’an range from the Songliao basin. The Songliao 
basin, located at the center of our study area, is a rift basin, 
and the rifting process took place in Mesozoic (Hu et al., 1998;
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Fig. 1. Map showing topography, major geological features and distribution of the broadband NECESSArray stations in NE China. The magenta lines outline major basins in 
the area. The thin dark gray solid lines represent the two branches of the Tan-Lu Fault Zone in the area. The medium thick gray line indicates the Solonker suture zone, and 
the thick gray line labeled as DTGL indicates the Daxing’anling–Taihang Gravity Line. The blue squares mark NECESSArray stations. Locations of three simulation domains 
are outlined by blue dash-dotted, white solid, and yellow dotted boxes, respectively. Red volcanic symbols show the major Cenozoic volcanism in the area. Inset shows the 
motion of the Pacific plate relative to the Eurasian plate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.)
Feng et al., 2010; Ge et al., 2010) right after the closure of the 
Mongol–Okhotsk Ocean. Late Mesozoic volcanic rocks are widely 
distributed in the region, indicating active volcanism occurred dur-
ing the Mesozoic rifting.

Volcanism continued in the Cenozoic time but was rather 
episodic and sporadic, which shows a spatial shift from the center 
of the Songliao basin to the edges of the basin in Early Miocene 
(Liu et al., 2001), coinciding with the onset of the Japan Sea open-
ing. Late Cenozoic volcanoes around the Songliao basin include the 
Changbaishan, Jingpohu, Wudalianchi, Halaha, and Xilinhot–Abaga 
from the southeast to the southwest. Located next to the south-
eastern corner of the Songliao basin, the Changbaishan–Jingpohu 
range marks the boundary between China and North Korea and 
hosts the largest active volcano (the Changbaishan volcano) in NE 
China. The Changbaishan volcano (also known as Baitoushan vol-
cano in North Korea) has had a series of eruptions since ∼2.77 Ma 
(Wang et al., 2003) and the latest eruption occurred in 1702. On 
the other hand, both the Halaha and the Xilinhot–Abaga volcanic 
groups sit on the Great Xing’an range, located to the west side 
of the DTGL (Fan et al., 2015). The Halaha volcanic group situ-
ates in the northern part of the range and consists of tens of 
Quaternary volcanoes that overlie Jurassic intrusive rocks with a 
peak formation time around ∼135–145 Ma (Wang et al., 2006;
Fan et al., 2015). The Xilinhot–Abaga volcanic group in the south 
comprises more than 300 volcanoes and a lava plateau spread-
ing over an area of more than 10,000 km2 (Wang et al., 2006;
Chen et al., 2015; Fan et al., 2015).

Geochemical studies of the Cenozoic volcanoes from NE China 
(e.g., Zou et al., 2008; Chen et al., 2015; Guo et al., 2016a) indicate 
that the intraplate alkaline basalts have isotopic signatures close 
to those of the present-day ocean island basalts (OIBs), suggesting 
that they have a deep origin in the asthenosphere. The NE China 
magmatism has been attributed to upwelling of warm hydrated 
mantle from the top of the stagnant slab (e.g., Lei and Zhao, 2005;
Zhao et al., 2008; Chen et al., 2015; Guo et al., 2016a). This idea 
is largely based on tomography models showing flat slabs (high 
wave speeds) in the transition zone beneath NE China volcanoes 
with slow shallow mantle wave speeds above. Tang et al. (2014)
propose a different mechanism causing the Changbaishan volcan-
ism, which invokes decompression melting of a warm and buoyant 
upwelling rising through a gap in the deep stagnant slab. The up-
welling originates from the asthenosphere that used to be beneath 
the Pacific and was contaminated by plumes and became supera-
diabatic. It was then trapped beneath the subducting Pacific plate 
and transported to greater depths. For the Halaha and Xilinhot–
Abaga volcanoes, Guo et al. (2016b) attribute them to mantle up-
wellings generated by return flows of a downwelling beneath the 
Songliao basin.

Both body and surface wave tomography studies show low 
wave speed anomalies (LV) in the upper mantle beneath the 
Changbaishan, Halaha, and Xilinhot–Abaga volcanic regions (Tang 
et al., 2014; Guo et al., 2016b; Kang et al., 2016). The amplitude 
of the LVs beneath the Halaha and Xilinhot–Abaga regions are not 
so strong and there are no significant low wave speed anomalies 
within the crust. The low amplitude of LV in the upper mantle 
and the lack of the LV in the crust are likely to be caused by to-
mographic errors from wavefront healing (e.g., Hung et al., 2001;
Malcolm and Trampert, 2011), because both the body (Tang et al., 
2014) and surface wave tomography studies (Guo et al., 2016b)
employ 1-D reference models and invert either the traveltime or 
dispersion data by assuming 1-D great-circle propagation paths. 
Recently, Huang et al. (2015) found a strong low wave speed zone 
in the lower crust beneath the Yellowstone supervolcano, which 
they interpreted as a basaltic magma body with ∼2% of melt. Thus 
obtaining more accurate absolute wave speeds to quantify melt 
fraction and magma structure in the lower crust and upper man-
tle beneath the Halaha and Xilinhot–Abaga volcanoes are essential 
to understand the magmatism of the Great Xing’an range.

Surface wave data obtained from teleseismic earthquakes and 
ambient noise have the ability to resolve structures of the lower 
crust and upper mantle. In our study area, Guo et al. (2015, 2016b)
conducted surface wave tomography using both ambient noise and 
earthquake data, and the resulting 3-D S-wave model shows a 
large wave speed contrast between the Songliao basin and the 
Great Xing’an range. Li et al. (2016) incorporated Rayleigh wave 
ellipticity, i.e. Rayleigh-wave Z/H (vertical to horizontal) amplitude 
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ratio, in the dispersion inversion, which resulted better images of 
the upper crustal wave speed structure of the area. These stud-
ies, however, employed the so-call traditional surface wave tomo-
graphic approach, which requires constructing phase (or group) 
velocity maps by assuming a great circle raypath and a 1-D lay-
ered wave speed model in inverting the phase velocities at each 
grid. Both assumptions affect the inverted 3-D wave speed struc-
ture and especially lead to underestimating the amplitude of low 
wave speed anomalies. To overcome the limitations of these two 
assumptions, Chen et al. (2014) proposed the ambient noise ad-
joint tomography technique that formulates the inversion by a 
direct matching of the ambient noise derived surface-wave wave-
forms with 3-D synthetics calculated based on a spectral-element 
method (SEM) (Komatitsch and Tromp, 2002a, 2002b; Komatitsch 
et al., 2004).

In order to better image the crustal and uppermost man-
tle wave speed structure of the NE China, we applied the am-
bient noise adjoint tomography (Chen et al., 2014) on a data 
set of Rayleigh wave empirical Green’s functions (EGFs), derived 
from ambient noise interferometry of 127 NECESSArray (NorthEast 
China Extended SeiSmic Array) stations. We present a refined 3-D 
model of the crust and uppermost mantle beneath NE China. We 
focus on discussing the new seismic features in the model and 
their implications to the origin of the widespread volcanism and 
the tectonic evolution of NE China.

2. NECESSArray data

We use the continuous data recorded by the NECESSArray, 
which consists of 127 temporary stations (blue squares in Fig. 1). 
The 127 temporal stations were deployed under an international 
collaboration among China, Japan and US in NE China between 
September of 2009 and August of 2011. The array covers an 
area of 116◦E–134◦E and 41.5◦N–49.0◦N, roughly ∼1800 km and 
∼800 km in the E–W and N–S direction, respectively (Fig. 1). The 
goal of the NECESSArray project is to build high-resolution seismic 
images of the crust and the mantle beneath NE China to bet-
ter constrain the subduction geometry of the Pacific plate and to 
better understand the large-scale extension and widespread mag-
matism in the area.

The noise cross-correlation functions (NCFs) are obtained in a 
previous tomographic study (Guo et al., 2015). Here we summa-
rize the details in processing ambient noise data. The standard 
ambient-noise cross-correlation techniques (Bensen et al., 2007)
are employed to process the vertical component of the selected 
stations. The continuous records of ground velocity are first deci-
mated to a sampling rate of 5 Hz, cut into daily segments. Since 
the 127 stations are equipped with different types of sensors and 
digitizers, these daily segments are deconvolved with the corre-
sponding instrument responses and further converted from the 
velocity records to displacement sequences. This step is necessary 
in order to effectively and correctly computing the noise cross-
correlation functions (NCFs) using data recorded with different 
types of seismometers. A running time-window method is then 
applied to compute the NCFs with the daily records. The length 
of the running windows is taken from 409.6 s (2048 points) to 
1638.4 s (8192 points) depending on the inter-station distance. 
Half of the running window length is set as the running step. If a 
gap is present within the running window in one of the two seis-
mograms, the NCF of that time window is not computed. For each 
time window, the linear trend and mean are removed from the 
seismograms. Their Fourier transforms are further performed to 
compute the NCFs in the frequency domain. The spectral whiten-
ing technique is applied in order to enhance the ambient noise 
signals, in which the two amplitude spectra are reset to 1 in the 
frequency range of 0.01 Hz–1.0 Hz and to 0 elsewhere while the 
phase spectra are kept unchanged. The NCFs of each running win-
dow are subsequently stacked to create a daily NCF of a station 
pair. All the daily NCFs are then stacked at each station pair to en-
hance the signal-to-noise ratio (SNR) of the Rayleigh wave arrival. 
The positive and negative sides of stacked NCFs are further folded 
and summed to obtain the final NCFs.

In this study we compute the deplacement EGFs from the final 
NCFs using the following equation:

Ĝ AB(t) = −dC AB(t)

dt
≈ G AB (1)

Here C AB(t), G AB(t), and Ĝ AB(t) are the noise cross-correlation 
function, the real Green’s function and the empirical Green’s func-
tion, respectively. Fig. 2 shows an example of the EGFs computed 
at the station NE21 in different period bands. The above em-
pirical relation reveals that the time derivative of NCF can be 
equivalent of EGF, which serves as an approximation of the exact 
Green’s function, subject to frequency-dependent amplitude cor-
rection (Weaver and Lobkis, 2004; Roux et al., 2005) and errors 
due to, for instance, uneven source distribution of ambient noise 
sources (Yao and van der Hilst, 2009; Harmon et al., 2010).

3. Ambient noise adjoint tomography

We adopt the technique developed by Chen et al. (2014) to in-
vert shear wave speed using ambient noise data. Here we briefly 
review the ambient noise adjoint tomography method. A sin-
gle vertical force is set at 1 km depth beneath each station 
as the virtual source to generate 3-D synthetic Green’s func-
tions (SGFs), which are computed by the spectral-element code 
(SPECFEM3D_Cartesian) (Komatitsch et al., 2004) using a Gaussian 
source time function with a half duration of Th = 1.5 s. The high 
corner frequency of a Gaussian source time function is roughly 
1/4Th, which converts to a low corner period of 6 s, the low 
end of 6–40 s period band used in our inversion. An isotropic 
initial model (Guo et al., 2015) parameterized on the SEM Gauss–
Lobatto–Legendre (GLL) integration points is used in the inversion.

An iterative approach is employed to refine the initial model to 
minimize the overall traveltime misfit, χ , which is the sum of the 
frequency-dependent traveltime misfits measured in several period 
bands:

χ = 1

N

N∑
i=1

1

Mi

Mi∑
j=1

∫ (
�T j(ω)

σ j(ω)

)2

dω, (2)

where N is the number of period bands, which is 4 in this study, 
Mi is the total number of misfit measurements in the i-th pe-
riod band. �T j(ω) and σ j(ω) are the traveltime misfit and its 
uncertainty estimated from the j-th EGFs at frequency ω in the 
i-th period band. We employed the multitaper method proposed 
by Zhou et al. (2004) to measure �T j(ω) and σ j(ω), which are 
measured from the frequency response function H j(ω) of a system 
that transfers from a synthetic seismogram S j(ω) to the observed 
data D j(ω), i.e. H j(ω) = D j(ω)/S j(ω). Therefore the frequency-
dependent traveltime misfit, �T j(ω), can be estimated from the 
phase spectrum of the frequency response function H j(ω), which 
was estimated with the multitaper method. We employed 5 tapers 
in the estimation and the uncertainty σ j(ω) was estimated with 
the jackknife method.

Changes in the overall traveltime misfit, δχ , can be expressed 
as change in density (ρ), shear wave speed (V S ), and bulk sound 
speed (V C ):

δχ =
∫

(Kρδ lnρ + K V S δ ln V S + K V C δ ln V C )d3x, (3)

where Kρ , K V S , and K V C are the Fréchet derivatives with respect 
to ρ , V S , and V C .
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Fig. 2. Empirical Green’s function waveforms derived from ambient noise interferometry between station NE21 (show in Fig. 4b) and the other stations in four different 
period ranges, (a) 6–15 s, (b) 10–20 s, (c) 15–30 s and (d) 20–40 s, plotted with increasing epicentral distances.
Adjoint sources are constructed from the time derivative of the 
time reversed SGFs weighted by the traveltime misfit. For each 
virtual source station, one adjoint simulation is performed by si-
multaneously sending back adjoint sources at all virtual receiver 
stations into the 3-D model. This creates an adjoint wavefield s† . 
The time integration of the interaction of s† and the forward wave-
field s yields the event sensitivity kernels, which illuminate the 
sensitivity region of the structural parameters, ρ , V S , and V C .

Once all the Fréchet derivatives related to all the virtual sources 
are computed, we sum them and smooth the summed kernels with 
a Gaussian width of 40 km in the horizontal plane and 10 km in 
the vertical plane, then precondition the smoothed kernels (Luo, 
2012) to obtain Fréchet kernel g, which is the gradient of the misfit 
in the model space. For the k-th iteration, the model is updated by 
the following equation:

mk = mk−1 + αg. (4)

Here α is the step length, which is a positive number. mk−1 and 
mk are the wave speed models before and after k-th iteration. The 
optimal step length is determined by minimizing the misfit calcu-
lated from a subset of virtual sources when the number of stations 
is large. In our case, however, since there are only ∼40–45 sta-
tions in each simulation domain, thus we just use all the stations 
in searching for the optimal step length. Fig. 3a shows an example 
of the search for the optimal step length in the western simulation 
domain, which has a total of 43 stations.

We exclude the density kernels in this study, because the am-
bient noise data are not very sensitive to density perturbations. 
Instead we scale the density perturbations to shear wave speed 
perturbations by a factor of 0.33, i.e., δ lnρ/δ ln V S = 0.33 (Panning 
and Romanowicz, 2006).

Our study region spans from 115◦E to 134◦E across the lon-
gitude and 41◦N to 49◦N along the latitude. In order to use 
SPECFEM3D_Cartesian software package (www.geodynamics.org) 
to calculate SGFs in UTM zone projected coordinates based on 
spectral-element method (SEM), we divide our study region into 
three simulation domains (7◦ × 8◦ in longitude and latitude, re-
spectively) with different longitudinal ranges, 115◦–122◦E, 121◦–
128◦E, and 127◦–134◦E, which are shown with the blue, white and 
yellow boxes, respectively, in Fig. 1. Each simulation domain has a 
one-degree overlapping with the neighboring simulation domains 
to ensure proper stitching for a more coherent seismic model of 
the whole study region.

In each simulation domain, we parameterize the model pa-
rameters, ρ , V S , and V C at SEM GLL points with approximately 
2.5 km spacing in both horizontal and vertical directions (Chen et 
al., 2014). The SEM mesh also accommodated the surface topogra-
phy (GTOPO30 from lta.cr.usgs.gov), and extended to 100 km deep 
below the sea level.

http://www.geodynamics.org
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Fig. 3. (a) Line search for updating the model from M00 (blue star) to M01 (red star) for the west simulation domain. (b) Corresponding misfit evolution for the west 
simulation domain from M00 to M07. (c) Histograms comparison for traveltime misfits for M00 (open blue line) and the final model after 7 iterations (red bars). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Number of EGFs used in the inversion.

Period (s) West Central East Total

6–15 324 180 256 760
10–20 715 716 488 1919
15–30 804 786 514 2014
20–40 786 788 500 2074
ALL 2629 2470 1758 6857

We filter the EGFs and SGFs in four period bands: 6–15 s, 
10–20 s, 15–30 s, and 20–40 s. Examples of the filtered EGFs in 
different period bands are shown in Fig. 2. In each period band, 
we select the traveltime misfit measurement windows using the 
FLEXWIN algorithm developed by Maggi et al. (2009). For each se-
lected window, we measure the frequency-dependent traveltime 
misfits between EGFs and SGFs using the multi-taper method 
(Zhou et al., 2004). Perturbations of the shear wave and bulk sound 
wave speeds, V S and V C , are linked to the SGF–EGF traveltime 
misfit, χ , through equations (2) and (3) (Tromp et al., 2005). By 
minimizing χ iteratively, we seek for improving the model by per-
turbing the structural parameters. Table 1 lists the number of EGFs 
in the three regions that are selected from the four period bands 
used in the inversion.

Our starting model is taken from the result from Guo et al.
(2015), which provides primarily a V S model of NE China, and we 
derive the V p and ρ values according to their model description 
(Guo et al., 2015). The initial SGFs and EGFs have reasonably good 
fits but show certain misfits in phase in different period bands. The 
misfit seems to increase with increasing period (Fig. 3c). Following 
the steps described above, we repeat the inversion procedures iter-
atively until no significant further reduction of χ is shown, which 
in our case occurs after 4–7 iterations for each of the three simu-
lation domains. Fig. 3b shows an example of misfit reduction with 
increasing number of iteration for the simulation domain in the 
west. The final 3D model for this simulation domain shows a sig-
nificant reduction in the misfit between the SGF and EGF (Fig. 3b). 
Overall, the traveltime residual drops from the initial 0.28 ± 0.91 s
to the final 0.07 ± 0.77 s (Fig. 3c).

As noted above, there are two overlap areas of 1-degree wide 
where two sets of final model parameters derived from the inver-
sions of partially overlapping simulation domains. We find that the 
discrepancies between the two final models are rather minor, usu-
ally is less than 0.5%, so we simply take the averages of the two 
models, and integrate them with those of the non-overlapping ar-
eas to obtain the final model of the entire study area.

4. Results and discussion

In general, Rayleigh wave phase/group velocity is less sensitive 
to the P-wave speed than to the S-wave speed. Also the P-wave 
sensitivity tends to lean more on shallow structure than the S-
wave sensitivity, for example, based on Xing et al. (2016), the 
phase velocity for a 20-s Rayleigh wave is sensitive to the S-wave 
speed down to 40 km, while its P-wave speed sensitivity seems 
to be limited within the top 20 km. Overall, we found that the 
updates on the P-wave speed are less significant than the S-wave 
speed, and most of the velocity changes are confined within the 
crust. In other words, we expected that the inverted S-wave speed 
is more robust than the P-wave speed, which could depend largely 
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Fig. 4. Shear wave speed maps showing a comparison between the final model (left) and the initial model (right) at three different depths (20 km, 35 km and 60 km). The 
main differences of the two models are indicated by LVs (low wave speeds) and HVs (high wave speeds).
on the initial model. Therefore, we focus the following discussion 
based on the S-wave model.

Wave speed distribution of the final S-wave model at three 
depths, middle crust (20 km), lower crust (35 km) and uppermost 
mantle (60 km), are shown in Figs. 4a, 4b and 4c, respectively. 
For comparison, we also show the same depth slices of the initial 
model from Guo et al. (2015) (Fig. 4, d–f). Although the final model 
is quite similar to the initial one in most area, the broad crustal 
LV beneath the Great Xing’an range and large mantle LV beneath 
the Changbaishan–Jingpohu range in the final model are much 
stronger than those in the initial model. In addition to these two 
large-scale LVs, we also find three other medium-sized (∼100 km) 
LVs (LV1, LV2, and LV3), which are not well resolved in the reg-
ular surface tomography of Guo et al. (2015, 2016b) (Fig. 4). We 
attribute the improvements in resolving LVs here to accounting for 
3-D propagation effect in adjoint tomography, which is expected 
to reduce the error caused by wavefront healing. In the following 
paragraphs, we will focus on the new features revealed by the final 
model, and discuss their geological implications.

Two strong LVs, labeled as LV1 and LV2, are observed in the 
northwestern and southwestern corners of the study area, which 
extend from middle crust to the uppermost mantle. The vertical 
continuity of these two LVs can be further confirmed from the ver-
tical cross sections that sample the two anomalies (Fig. 5). There 
is also a strong LV beneath the Quaternary Jingpohu volcanic lake, 
LV4, which is confined mainly in the lowermost crust and the up-
permost mantle depths and changes shape vertically (Figs. 4b and 
4c). Beneath the southwestern corner of the Songliao basin, we see 
a fourth strong LV (LV3) inside the middle crust, with a reduced 
intensity in the lower crust and uppermost mantle (Figs. 4a–c and 
5a).

The LV1 is located approximately 150 km west to the Halaha 
volcanic group consisting of 28 Quaternary volcanoes (Figs. 4a–4c). 
Under the volcanic complex, a moderate LV can be found only at 
the middle to lower crustal depths (Figs. 4a–4c and 5b). The rel-
ative location between the volcanic complex and the LV in the 
uppermost mantle is consistent with the results of Guo et al.
(2016b). We also notice a vertically extending LV at greater than 
80 km depths under the volcanic group in their images (Fig. 7a in 
Guo et al., 2016b). Such a deep LV is likely robust, as the wave 
speed model obtained by Guo et al. (2016b) is expected to have a 
decent resolution in the upper mantle depths because both high-
frequency ambient noise and low-frequency earthquake data are 
used in the inversion. Therefore the mantle upwelling associate 
with the Halaha volcanic group might have drifted westward while 
it arises from the asthenosphere.

It is worth noting that the shear wave speeds within the LV1 
are up to 5.0% lower than that of the initial model (Fig. 6a right). 
The strong low wave speed is required by the data. The left of 
Fig. 6a shows the EGFs and the two SGFs computed based on the 
initial and final models for the station pair NE71–NEP7. Rayleigh 
waves in the SGFs computed from the initial model, which are 
shown as the dashed blue lines, arrives systematically earlier than 
those in the EGFs (solid black lines), while the SGFs based on 
the final model with a stronger LV match the data much better. 
In order to better understand the implication of the obtained low 
wave speeds, we also show the average shear wave speeds of the 
orogens over the globe together with its uncertainty (green dot-
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Fig. 5. Cross sections of the final model shear wave speeds along profiles AA′ , BB′ , and CC′ indicated by black dashed lines in the map of Fig. 4a.
ted line in Fig. 6a right). Both the wave speeds and uncertainties 
are scaled from the P-wave speed (Christensen and Mooney, 1995)
by a factor of 1.732. The crustal thickness beneath all the oro-
gens is 46.3 ± 9.5 km, and the Pn wave speed is 8.01 ± 0.22 km/s
(Christensen and Mooney, 1995).

The crustal thickness in the LV1 region is around 35 km, and 
the underneath mantle has an Sn wave speed of 4.21 km/s. It ap-
pears that the S-wave speed inside the LV1 area is even lower than 
the low-end of the global orogen model in the lower crust and up-
permost mantle (Fig. 6a right), indicating that partial melting is 
likely to exist at these depths. The S-wave speed in the middle 
and lower crust, as well as the uppermost mantle is ∼8.6% lower 
than the average wave speed, and ∼4.5% lower than the low-end 
S-wave speed of the global orogen model. If we assume that this 
∼4.5% S-wave speed reduction is caused by partial melting and 
use a d ln V S/dF (partial derivative of S-wave speed with respect 
to melt fraction) of −5.4 percent per melt fraction (%) (Hammond 
and Humphreys, 2000), then we obtain a ∼1% melt fraction in the 
mid-to-lower crust and the uppermost mantle. It must be noted 
that the equation d ln V S/dF = −5.4 from basaltic rocks under 
the uppermost mantle pressure–temperature condition, therefore it 
might be not appropriate to infer melt fraction in the lower crust.

The S-wave speed within LV1 is between 3.33 and 3.61 km/s, 
which is close to the values obtained by Hacker et al. (2014) for 
partial melting in crust beneath Central Tibet. Like most of am-
bient noise tomographic studies (e.g., Guo et al., 2015; Kang et 
al., 2016), here we do not include azimuthal anisotropy in the in-
version, therefore the obtained S-wave speed of LV1, as well as 
LV2 discussed below, could be biased considering the poor az-
imuthal coverage of the sampling raypaths. Li and Niu (2010)
found that the azimuthal anisotropy within the lithosphere is gen-
erally weaker than the global average; we thus expected the effect 
caused by crustal azimuthal anisotropy is limited.
The medium-sized LV2 is located slightly south to the Xilinhot–
Abaga volcanic field, and extends vertically from the middle crust 
to the uppermost mantle (Figs. 4a–c, and 5a and c). This anomaly 
seems to extend at least to 200 km based on the joint inversion of 
Guo et al. (2016b). The LV2, on the other hand, is not well resolved 
by the regular surface tomography (Fig. 4d–f) (Guo et al., 2015), al-
though it is strongly suggested by the dispersion data that sample 
the area (Fig. 6b left). The final model shows a shear wave speed 
reduction from 3.1% to 8.7% in the depth range of 15–70 km as 
compared to the initial model (Fig. 6b right). The absolute wave 
speeds inside the lower crust and upper mantle are also below the 
low ends of the global orogen model, and are comparable to those 
in the LV1 region, suggesting the presence of ∼1% partial melts at 
these depths, which are the likely source that feeds the Xilinhot–
Abaga volcanoes.

We further speculate that the two strong low velocity anoma-
lies in the lower crust beneath the two Cenozoic volcanic com-
plexes are likely intruded basaltic magma bodies, just like the one 
beneath the Yellowstone supervolcano proposed by Huang et al.
(2015). As mentioned above, geochemistry studies suggested that 
the alkaline basalts from the two Cenozoic volcanic complexes 
have a deep origin in the asthenosphere; therefore the basaltic 
lower crustal magma bodies act as bridges, linking the shallow 
magma reservoirs with the upper mantle upwellings.

The LV3 anomaly inside the southwestern margin of the 
Songliao basin (Fig. 4a–4c) is the smallest one among the three 
anomalies, and is also not shown clearly in the initial model. It 
has the largest wave speed reduction at the middle crustal depths 
(Fig. 4a) and then fades gradually with increasing depth (Figs. 4b 
and 4c). The vertically extending anomaly is, however, still recog-
nizable from the depth section of wave speed distribution (Fig. 5a). 
The moderate amplitude of the anomaly in the lower crust and 
uppermost mantle depths might explain the lack of surface mag-
matism right above the LV3.
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Fig. 6. (a) Left of each panel: The EGF (black solid line) from a station pair NE71–NEP7 that samples the LV1 anomaly is shown together with the SGFs of the initial (blue 
dashed line) and final (red solid line) models, respectively. The EGF and SGFs are filtered in four period bands: 6–15 s, 10–20 s, 15–30 s, and 20–40 s, which are plotted 
from the top to the bottom. The locations of NE71 and NEP7 are shown in Fig. 4b. Right: Shear wave speed profile of the final model (red solid line) at the grid (118.0◦E, 
47.5◦N) inside the LV1 anomaly is plotted together with the initial (blue solid line), regional average (gray solid line), and global model (green dashed lines) for comparison. 
The horizontal bars on the green lines represent the range of velocity variations beneath different types of continental crust, for example orogens, rifts, extended crusts, 
etc. (Christensen and Mooney, 1995). The geographic location of the grid is marked as white dot in Fig. 4b. (b) Same as (a), except for LV2. (c) Same as (a), except for 
LV4. (d) Same as (a), except for HV1. (e) Same as (a), except for HV2. The global orogen model is used in (a–c) and the extended crust model is used in (d) and (e). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
We also find a strong LV in the eastern margin of the Songliao 
basin, the LV4, located in the Jingpohu volcanic lake area. This 
anomaly has almost a normal shear wave speed in the middle 
crust in both the initial and final models (Fig. 4a and 4d). Wave 
speed reduction becomes significant in the lower crust (Figs. 4b 
and 4e), and reaches the maximum in the uppermost mantle 
(Fig. 4c and 4f). The final S-wave speeds in the lower crust and 
the uppermost mantle are, respectively, 2.8% and 4.7% lower than 
the initial values. These changes in wave speeds seem to be re-
quired by the data (Fig. 6c left). The final wave speeds (red solid 
line in Fig. 6c right) lie in the range of wave speeds observed be-
neath different orogens around the world (green dotted line with 
error bars in Fig. 6c right).
It is worth noting here that the strong LV beneath the Chang-
baishan volcanic complex revealed by the body wave tomography 
(Tang et al., 2014) and joint inversion of EGFs and teleseismic sur-
face wave data (Guo et al., 2016b) is not shown in our model. This 
is because the interstation ray paths from the station distribution 
shown in Fig. 1 do not sample the volcanic complex, and there-
fore the ambient noise data of the 127 stations alone do not have 
the ability to resolve wave speed structure beneath the volcanic 
complex.

Using the receiver function data from the NECESSArray sta-
tions, Tao et al. (2014) measure the Moho depth and compute 
the corresponding Airy isostasy topography of the study area. They 
further compute the residual topography by taking the difference 
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between the observed and Airy isostasy topography. A positive 
residual means that the higher-than-expected elevation might have 
been supported dynamically. They find a good spatial correlation 
between the positive residual topography and distribution of Qua-
ternary volcanoes along the eastern margin of the Songliao basin, 
which is consistent with a scenario for a mantle upwelling that 
dynamically supports part of the elevation. We find that the LV1 
and LV2 associated with the Halaha and Xilinhot–Abaga volcanic 
complexes are also located inside areas with positive residual to-
pography.

In addition to the LV1 and LV2 anomalies in the Great Xing’an 
range, the LV3 inside the Songliao basin is also located at a broad 
area with positive residual topography that covers a large part of 
the southern Songliao basin. Li et al. (2016) find that the low wave 
speed sediments beneath the Songliao basin extends to ∼2–3 km 
deep in the south and ∼5–6 km in the north, mainly due to the in-
significant postrift subsidence in the south (Wei et al., 2010). Thus 
we argue that LV3 is likely the dynamic source for the positive 
residual topography and the minor postrift subsidence observed at 
the southwestern Songliao basin.

In addition to the LVs with enhanced wave speed reduction, we 
also find two high wave speed anomalies located in the west (HV1) 
and south (HV2) sides of the Songliao basin. The HV1 has a mid-
dle crustal component (Fig. 4a), which is not present in the initial 
model (Fig. 4d) but is required by the data (Fig. 6d left). The S-
wave speeds of the final model are ∼0.32–2.65% higher than the 
initial values in the crust, and are comparable to those in the initial 
model in the mantle. Both are within the wave speed range of the 
global model for extended crust (Fig. 5d right). The HV2 anomaly 
is essentially located inside the mantle (Fig. 5a), and is well sup-
ported by the data (Fig. 6e left). It has an Sn wave speed slightly 
higher than the global average for extended crust (Fig. 6e right). 
Both HV1 and HV2 are parts of the large-scale high wave speed 
mantle anomaly beneath the western edge of the Songliao basin, 
which is interpreted by Guo et al. (2016b) as the downwelling part 
of the convection cell beneath NE China. The Xilinhot–Abaga and 
the Halaha volcanic groups located at the Great Xing’an range fur-
ther west are originated from upward return flows of the above 
downwelling (Guo et al., 2016b).

5. Conclusions

We conduct a SEM based adjoint tomography with ambient 
noise data recorded by the broadband NECESSArray in NE China. 
Compared to the 3-D model inverted with the regular surface to-
mography based on great circle raypath approximation and 1-D 
dispersion matching, our model reveals the following new features 
on shear wave speed structure of the crust and uppermost mantle 
beneath the area: (1) below the Xilinhot–Abaga and Halaha vol-
canic complexes, there is a vertically extending low wave speed 
body inside the lower crust and uppermost mantle, which shows 
a wave speed reduction indicative of partial melting; (2) a man-
tle upwelling is observed beneath the southwestern part of the 
Songliao basin, which may explain the observed dynamic topog-
raphy and low postrift subsidence of the area; (3) the broad low 
wave speed anomaly beneath the Great Xing’an range lies mainly 
inside the lower crust, while the broad swell around the Jingpohu 
lake is mainly supported by a low wave speed anomaly in the up-
per mantle. Since it better accounts for the finite-frequency kernels 
in 3-D space, the adjoint tomography offers a promising way to 
recover more adequate amplitude of velocities anomalies as com-
pared to the traditional surface wave tomography.
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