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The ambient noise data recorded by 249 seismic stations in the permanent and temporary networks in
Northeast China are used to invert for the isotropic phase velocity and azimuthal anisotropy of
Rayleigh waves in the period band 5-50 s. The inversion results reflect the structure from the shallow
crust to upper mantle up to approximately 120 km depth. Beneath the Songliao basin, both the fast direc-
tion in shallow crust and strike of a low-velocity anomaly in the middle crust are NNE-SSW, which is
coincident with the main tectonic trend of the (Paleo) Pacific tectonic domain. This indicates that the rift-
ing of the Songliao basin is influenced by the subduction of (Paleo) Pacific plate. The upper mantle of
Songliao block (except the central area of Songliao basin) to the west of Mudanjiang fault, and the east
of the North-South Gravity Lineament, is characterized by high-velocity and weak anisotropy up to
approximately 120 km depth. We infer that there is delamination of lithospheric mantle beneath the
Songliao block. Obvious N-S, NE-SW, and E-W trending fast directions are found in the lithospheric man-
tles of the east, west, and south sides of Songliao block, respectively, which coincide with the strikes of
the Paleozoic tectonic in these areas. This suggests that the frozen-in anisotropic fabric in the lithospheric
mantle can be used to indicate the historical deformation of the lithosphere. In the northern margin of the
North China Craton, the spatial variations of phase velocity and azimuthal anisotropy are more dramatic
than those in Northeast China blocks, which indicates that the lithosphere of the North China Craton has
experienced more complicated tectonic evolution than that of the Northeast China blocks.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction influenced by the subduction of the Mongolia-Okhotsk Ocean plate

during the Mesozoic (Xu et al., 2013). The large-scale sedimentary

Northeast China includes part of the eastern section of the Cen-
tral Asian Orogenic Belt (CAOB) and the northern margin of the
North China Craton (NCC) (Li, 2006). With the Chifeng-Kaiyuan
fault (CKF) as a boundary, the northern part belongs to the eastern
section of the CAOB, including micro blocks such as the Xing’'an,
Songliao, and Jiamusi blocks (Fig. 1). There have been controversies
regarding the evolution of these blocks and the collision of them
with the Siberia Craton to the north and the NCC to the south
(Zhou and Wilde, 2013); however, in general, this region was con-
trolled by the Paleo-Asian Ocean tectonic domain in the Paleozoic
and the (Paleo) Pacific Ocean tectonic domain since the Mesozoic
(Wu et al, 2011). Meanwhile, this region was likely to be
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basins such as Songliao basin (SB) (Wei et al., 2010) and the exten-
sive intra-plate volcanic activities (Wang et al., 2006) generated
since the Mesozoic-Cenozoic are related to the complicated tec-
tonic settings. To investigate the tectonic evolution, and the rela-
tionship between the shallow geological features and deep
structures in Northeast China, it is important to use the seismolog-
ical method to constrain the structure and deformation character-
istics of the lithosphere.

In some studies of large-scale body wave tomography, the
structures of upper mantle in Northeast China were investigated
and stagnant slabs were imaged in the mantle transition zone (e.
g., Huang and Zhao, 2006; Li and van der Hilst, 2010); however,
the structures of lithosphere in this areas are not constrained well
from body wave tomography because and teleseismic body
wave tomography could not provide better vertical resolution
within the lithosphere (e.g., Lei and Zhao, 2005). Surface wave
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Fig. 1. Topography and tectonic settings of Northeast China. The dark green lines
indicate the boundary lines of the main tectonic units in Northeast China. CKF, the
Chifeng-Kaiyuan fault; MDJF, the Mudanjiang fault; HHF, the Hegenshan-Heihe
fault. The thick dashed line in black represents the North-South Gravity Lineament
(NSGL). The thick black lines denote the Tancheng-Lujiang fault (TLF) and its two
branches in Northeast China. YYF, the Yilan-Yitong fault; DMF, the Dunhua-Mishan
fault. The thin black lines represent active faults. The gray areas represent
sedimentary basins. HrB, the Hailar basin; SjB, the Sanjiang basin; EB, the Erlian
basin; XB, the Xialiaohe basin; HB, the Huabei basin. The red triangles denote
volcanoes. Wudalianchi V, the Wudalianchi volcano; Changbai V, the Changbaishan
volcano. The inset figure shows the locations of the study region (black box). The
abbreviation in the text: NCC, the North China Craton; SB, the Songliao basin; SLB,
the Songliao block; JB, Jiamusi block. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

tomography is another tool used in determining the structure of
the lithosphere in Northeast China and its surrounding regions
(e.g., Huang et al., 2003; Priestley et al., 2006; Li et al., 2012). In
addition, the seismic anisotropy derived from surface wave could
offer constraints on the past and present deformation in the litho-
sphere and asthenosphere (e.g., Montagner and Tanimoto, 1991;
Huang et al., 2004, 2015; Yao et al.,, 2010; Isse et al., 2010;
Legendre et al., 2014). In Northeast China, Li and Niu (2010) probed
the seismic anisotropy in the mantle by SKS wave splitting. How-
ever, SKS splitting measurement is weakly sensitive to the distri-
bution of anisotropy with depth. Analysis of surface waves can
provide the distributions of azimuthal seismic anisotropy both lat-
erally and vertically, thus it is important to study the anisotropic
structure of Northeast China using surface waves. Traditional
earthquake-based surface wave analysis, however, typically does
not yield reliable measurements at short periods (<20 s). Recent
developments in ambient noise tomography avoid the limitation
of the distribution of earthquakes and can be favourably utilized
to constrain crust and upper mantle structures (e.g., Shapiro
et al,, 2005; Yao et al., 2006, 2010; Yang et al., 2007; Lin et al,,
2011; Zheng et al., 2011).

The coverage of seismic stations is relatively sparse in Northeast
China until the deployment of the NECESSArray (Northeast China
Extended SeiSmic Array) during 2009-2011, which has greatly
enhanced capabilities of seismological research in this region.
Tang et al. (2014) conducted teleseismic P- and S-wave tomogra-
phy, and investigated the formation mechanism of the Changbais-
han volcano by using data recorded by the NECESSArray and
seismic arrays in surrounding areas. Tao et al. (2014) revealed
the crustal thickness and Poisson’s ratio in the study area by using
the receiver function. Liu et al. (2015) investigated the structure of
the transition zone of the mantle beneath Northeast China. Guo
et al. (2015) obtained the velocity structure of the S-wave in the
crust by joint inversion of the receiver function and the dispersion
data from ambient seismic noise. In this study, we invert both the
isotropy and azimuthal anisotropy of Rayleigh wave phase velocity

structures in Northeast China using continuous seismic data from
NECESSArray and the permanent stations of Chinese regional net-
works, and discuss their tectonic implications.

2. Data and method
2.1. Data

During the period of September 2009 to August 2011, 127
broadband seismic stations were deployed in the area spanning
116°-134°E and 43°-48° N in Northeast China with an average
separation of 80 km. This was subject to an international coopera-
tion project NECESSArray supported by China, the United States,
and Japan (Tang et al., 2014).

We collect the continuous waveforms of the vertical compo-
nents of 124 seismic stations with good continuity from the
NECESSArray and those of 125 seismic stations from Chinese regio-
nal networks (Zheng et al., 2010) in the same time period (Fig. 2).
Compared with previous work using ambient seismic noise tomog-
raphy (e.g., Guo et al., 2015), we use more data from the intensively
distributed China regional networks in the south of the NECESSAr-
ray. The study area is extended southwards, so that the structure
and deformation of the lithosphere in the NCC and Northeast China
blocks can be compared.

2.2. Ambient noise cross-correlation and dispersion measurements

The pre-processing of ambient seismic noise for a single station
is mainly carried out according to the procedure proposed by
Bensen et al. (2007). Firstly, the continuous seismic waveforms
are decimated to five samples per second, followed by the instru-
ment response correction. Then, the mean value and linear trend
are removed before the waveforms are band-pass filtered in the
period band 2-100s. Then, we perform temporal normalization
using a running-absolute-mean method and spectrum whitening.
The waveforms of the ambient seismic noise from each station
can be obtained thereby. Then, the Welch’s method is used to cal-
culate the cross-correlation of the ambient seismic noise (Seats
et al., 2012). Finally, all the cross-correlation waveforms for each
station pair during the study period are stacked and the empirical
Green'’s functions are obtained by taking the time derivative of the
cross-correlation waveforms (Sabra et al., 2005; Yao et al., 2006).
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Fig. 2. Distribution of the seismic stations used in this study. The blue and red
triangles represent permanent stations of Chinese regional networks and the
temporary stations of the NECESSArray, respectively. The other legend entries
match those in Fig. 1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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The method, based on image analysis (Yao et al., 2006), is used
to extract the dispersion curves of Rayleigh wave phase velocity. To
ensure the reliability of the measurement for the dispersion curves,
only those measurements with a signal to noise ratio (SNR) greater
than five for each period are retained. The SNR is defined as the
ratio of the maximum amplitude within the signal window (deter-
mined by the station spacing and the group velocity range of 2-
5km/s) to the average amplitude within the noise window
(150 s-length waveform right after the signal window). We also
perform spatial cluster analyses on the measurements of phase
velocity dispersion (Bensen et al., 2007) to remove outliers in the
measurements. Since 249 seismic stations are used in this study,
there should ideally be 30,876 measurements for each period. After
the aforementioned quality control procedures are applied, the
numbers of the phase velocity measurements retained at each per-
iod are shown in Fig. 3. As shown, the numbers of phase velocity
measurements with periods shorter than 35s are all above
10,000, while those with periods longer than 35 s decrease rapidly
due to the use the far-field approximation of surface wave repre-
sentation for dispersion analysis (Yao et al., 2006). Although there
are only 1653 measurements at the period of 50 s, the path cover-
age is good for most of the study area.

2.3. Inversion of the isotropic Rayleigh wave phase velocity and
azimuthal anisotropy

In a weak anisotropic medium, the local azimuthally varying
phase velocity of the surface wave can be expressed by a Fourier
series (Smith and Dahlen, 1973):

(T, M, ) = co(T)(1 + ao(T,M) + a1 (T, M) cos 2y + a,(T,M) sin 2y
+ a3 (T, M) cos 4y + as(T,M) sin4y)
(1)

where T is the period of velocity and cy(T) indicates the reference
phase velocity, which is usually the average value of all observed
phase velocities at this period, i is the angle between the wave vec-
tor and due north, ay and a(i = 1-4) represent the perturbation of
the isotropic phase velocity and azimuthally anisotropic coeffi-
cients, respectively. In a weak anisotropic medium, 4y terms con-
tribute little to the phase velocity of the Rayleigh wave and
therefore can be ignored. Hence, we only invert for the perturbation
of the isotropic phase term ao and the azimuthally anisotropic
terms a; and a, in this study. The magnitude of azimuthal aniso-
tropy A and the fast direction @ can be obtained using the follow-
ing formulae

Ac(T, M) = \Ja3(T. M) + a3(T, M) 2)
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Fig. 3. Numbers of the phase velocity measurements at different periods. The red
vertical bars indicate the periods given in the tomography maps in Fig. 6. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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We use the continuous regionalization (Montagner, 1986)
based on the generalized inversion scheme (Tarantola and
Valette, 1982) to invert for both isotropic and azimuthally aniso-
tropic phase velocity maps. The inversion is mainly controlled by
three parameters including the standard error of phase velocity
measurements gg, the a priori parameter error o, and the spatial
correlation length L. ¢, and L are constraints for the anomaly
amplitude and the smoothness of model parameters, respectively.

The standard error o4 is 1% for all measured values of the phase
velocity according to previous analyses on bias of phase velocity
measurements from ambient noise cross-correlations (e.g., Yao
and van der Hilst, 2009). After conducting an extensive series of
tests and residual analyses, we determine the key inversion param-
eters as follows. With respect to the isotropic coefficient ao, a priori
€ITor 0, is set to be twice of the standard deviation of the observed
phase velocity at each period. As for the anisotropic coefficients a;
and ay, g, is set to be 1% of the average value of the phase velocity
at each period. The choices of the spatial correlation length L are
period dependent. For isotropic terms, L varies from 50 km to
150 km with the period in the range of 5 s to 50 s, while for the ani-
sotropic term, L is set to twice that of the isotropic term at the cor-
responding period.

2.4. Resolution test

A checkerboard test is usually used to assess the spatial resolu-
tion in tomographic models. For the isotropic part, we construct a
synthetic phase velocity model with +6% velocity perturbations of
the average velocity for each period. Then, the synthetic travel
times are calculated with an additional 1% random error. Finally,
we invert the synthetic data by using the same method and param-
eters as with the real data to obtain the recovery model. Taking the
period of 25 s as an example, Fig. 4 demonstrates the 1° x 1° phase
velocity checkerboard model and the recovered model. As seen, the
perturbation pattern and amplitude of the model are recovered in
most of the study area. However, the model in the northwest mar-
gin is not well retrieved because of the poor path coverage.

In the checkerboard test of azimuthal anisotropy, we construct
an input model with an anisotropic strength of 2% and fast direc-
tions of +45°alternately. The calculation of synthetic travel times
and the inversion are same as those in the isotropic case. Owing
to the correlation length of the anisotropic term being twice that
of the isotropic term in the inversion process, the anomaly scale
of the input model is set to twice that of the isotropic checkerboard
at the corresponding period. Taking a period of 25 s for instance,
the 2° x 2° checkerboard input model and the recovery results
are shown in Fig. 5. The magnitude of azimuthal anisotropy and
the fast direction are usually well recovered in regions with dense
station distribution. However, the anisotropy at the margins is
poorly recovered, which is caused by sparse path coverage as well
as the smoothing effect at the grid boundaries.

We test the checkerboard with different sized grids for each
period in this study. We find that for periods shorter than 35s,
the 2° x 2° checkerboard model of azimuthal anisotropy can be
favourably recovered. As for longer periods (such as 50 s), although
the number of measurements decrease, the 3° x 3° checkerboard
achieve good recovery in most of the study area.

3. Results

Based on the aforementioned methods, the isotropic phase
velocity and azimuthal anisotropy of Rayleigh waves with periods
varying from 5 s to 50 s are obtained in the study area. Figs. 6-8
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Fig. 4. Checkerboard resolution test (anomaly size 1° x 1°) of the isotropic phase velocity at a period of 25s. (a) and (b) represent the input model and recovery results,

respectively. The black triangles indicate the seismic stations.
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Fig. 5. Checkerboard resolution test (anomaly size 2° x 2°) of azimuthal anisotropy at a period of 25s. (a) and (b) represent the input model and the recovery results,

respectively, and the rest of legends are the same as those in Fig. 1.

show the anisotropic phase velocity maps and corresponding pos-
terior errors at six periods in Northeast China.

The posterior error is a useful guide to assess the extent to
which the inversion is resolved from the data. In regions where
the posterior error is much smaller than the a prior error, the res-
olution is better, while in the regions where the posterior error
nearly equals the a prior error, the resolution is poor (Tarantola
and Valette, 1982). As shown in Figs. 7 and 8, in the most of study
areas the posterior errors of isotropic phase velocity and magni-
tude of azimuthal anisotropy are less than 2% and 0.6%, respec-
tively. The posterior errors are lower compared to the a prior
errors therein (about 10% to 15% and 4% to 5.5%, respectively),
which indicates that good resolution is achieved in this study. Thus
the boundaries of tomographic maps are restricted by some con-
tours of posterior error (e.g., 2% to 3%) of the isotropic phase veloc-
ity in Fig. 6. In addition, the posterior errors are smaller than the
perturbation of isotropic phase velocities and the magnitude of
the azimuthal anisotropy (Fig. 6). This also demonstrates the relia-
bility of our inversion results.

The Rayleigh wave phase velocities of different periods are
mainly sensitive to shear velocity structures at different depths
(e.g., Liu et al., 2014) and the sensitivity kernels are shown in
Fig. 9. In the study areas, the phase velocities at periods of 7 s

and 12 s are most sensitive to shear velocity structures of the
upper crust at depths of 5-10 km and 9-16 km, respectively. With
increasing period, the range of sensitive depths of the phase veloc-
ity becomes broader. The phase velocities at periods of 18 s and
25 s may reflect structures of the middle-lower crust and around
the crust-mantle boundary. The phase velocities at longer periods
are sensitive to the upper mantle structure and a period of 50 s
could reflect the information of the lithospheric mantle up to
120 km depth.

3.1. Isotropic phase velocity of Rayleigh waves

The image of the phase velocity at a period of 7 s mainly reveals
the shear velocity structure of the shallow crust at depths from 5 to
10 km. This phase velocity map is closely related to the regional
geological structures including the thickness of the sedimentary
layers and the depth of the crystalline basement. Fig. 10 shows that
the boundaries of the low-velocity anomalies at a period of 7 s
could clearly depict the major sedimentary basins in Northeast
China including the Songliao, Xialiaohe, Sanjiang, and Hailar basins
(Fig. 10b). Obvious high-velocity anomalies are found in mountain-
ous areas, such as Daxing’anling.
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Fig. 6. Variation of isotropic phase velocities and azimuthal anisotropy of Rayleigh waves at different periods. The period and the corresponding reference velocity, i.e. the
average value of the phase velocity at that period, are labeled in the lower right corner of each panel. The velocity perturbation scale in per cent with respect to the reference
velocity is shown at the bottom. The length of the black bar represents the magnitude of the azimuthal anisotropy and its scale is labeled in the lower right corner of each
panel. The direction of the bar represents the fast direction. The other legend entries match those in Fig. 1.

The phase velocities at periods of 12 s (Fig. 6b) and 18 s (Fig. 6¢)
reflect the variations of the velocity structures in the middle-lower
crust at depths of about 9-16 km and 12-24 km, respectively. With
increasing period, the impact of the surface structure on the distri-
bution of the phase velocity is gradually weakened. Bounded by
the North-South Gravity Lineament (NSGL), the broad western
areas are characterized by low velocities, while the Songliao block
(SLB) to the east exhibits a high-velocity anomaly on the whole,
except in the central area of SB, which is endowed with a

low-velocity anomaly probably due to the effect of thick sediments
nearly 10 km.

At a period of 25 s, the phase velocity reflects the structure at a
depth of between 25 and 40 km, which is about the range of Moho
depths in Northeast China. In Fig. 11 we compare the distribution
of the phase velocity at 25 s and the crustal thickness from the
CRUST1.0 model (Laske et al., 2013). The phase velocities at the
east and west sides of the NSGL are dominated by the positive
and negative velocity anomalies, respectively (Fig. 11a), which
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Fig. 7. Posterior errors of the isotropic phase velocity of Rayleigh waves at different periods.

can favourably reflect the relative thick and thin Moho depths on
the two sides, respectively (Fig. 11b). The phase velocities under-
neath the SB, Changbaishan, and the middle and north segments
of the Dunhua-Mishan fault present relatively low velocities, corre-
sponding to deeper Moho beneath these areas.

As to the phase velocities at periods of 35 s (Fig. 6e) and 50 s
(Fig. 6f), they are sensitive to the velocity structures of the litho-
spheric mantle approximately 40-80 km depth and up to 120 km
depth, respectively. The results reveal that there is also a velocity
difference across the two sides of the NSGL, and that the phase
velocity within the NCC is generally lower than that in the
Northeast China blocks.

3.2. Azimuthal anisotropy of the Rayleigh wave

To analyze the variations of azimuthal anisotropy with depth
(period), we select five representative profiles along the longitude
or latitude in the study area (Fig. 12a) and plot the measurements
of the azimuthal anisotropy with more periods beneath the profiles
(Fig. 12b-f) than in Fig. 6.

At a period of 7 s, the most obvious characteristic is the strong
NNE-SSW fast direction appearing in the Songliao and Xialiaohe
basins (Fig. 6a). According to the data along profiles A-A’ (Fig. 12b)
and C-C' (Fig. 12d), the strong azimuthal anisotropy is limited to
within periods of less than 10s. The results at a period of 12s
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Fig. 8. Posterior errors of the magnitude of the azimuthal anisotropy of Rayleigh waves at different periods.

(Fig. 6b) and 18 s (Fig. 6¢) show that the azimuthal anisotropy in
the middle-lower crust of the study area as a whole is weak. At a
period of 25 s (Fig. 6d), the magnitude of the anisotropy is gener-
ally greater, which indicates that the anisotropy around the
crust-mantle boundary is stronger than that in the middle-lower
crust. At this period, there is observable anisotropy in the boundary
of the Northeast China blocks and the NCC, and the fast direction is
almost parallel to the strike of the CKF.

The anisotropy at periods of 35 s (Fig. 6e) and 50 s (Fig. 6f) could
reflect the deformation characteristics of the lithospheric mantle.
As seen in Fig. 12, both the magnitude and fast direction vary
greatly at the two sides of the boundary lines of tectonic units,
such as the NSGL, MDJF, and CKF. In general, although the aniso-
tropy of the SLB to the east of the NSGL is relatively weak, obvious

N-S, NE-SW, and E-W trending fast directions are found in the
east, west, and south sides of the SLB, respectively.

4. Discussion

The isotropic phase velocity and the azimuthal anisotropy of the
Rayleigh wave were obtained in this study, reflecting structural
heterogeneity and deformation styles from the shallow crust to
the upper mantle up to 120 km depth in Northeast China. The
phase velocity is mainly sensitive to the shear wave velocity of
the medium, and may be related to the thermal state, material
composition, and filled fluid properties thereof. The driving factors
behind the azimuthal anisotropy are complicated. It is generally
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belived that the anisotropy of the shallow crust is mainly deter-
mined by the orientations of the fractures, and the fast direction
is similar to the strike of the fault (Balfour et al., 2005). The aniso-
tropy of the lower crust and the upper mantle result from the lat-
tice preferred orientation (LPO) of amphibole and olivine,
respectively. When a certain finite strain accumulates under the
same deformation pattern, the direction of the fast wave tends to
be coincident with the direction of the maximum extension for
pure shear deformation or shear direction for simple shear defor-
mation (Savage, 1999). Lithospheric mantle is mainly composed
of olivine, and its anisotropy can be preserved for a long time
during tectonic periods. Thus, the seismic anisotropy of the

lithosphere can be used to deduce its historical tectonic deforma-
tion and interaction process with neighboring blocks, whereas
the anisotropy of the asthenosphere may just reflect the contem-
porary mantle flow (Long and Becker, 2010). Since the phase veloc-
ity obtained in this study almost cannot detect the information at
the depth of asthenosphere, we mainly focus on the study of the
structure and deformation of lithosphere in Northeast China.

4.1. Songliao basin (SB) and Songliao block (SLB)

SB is the largest oil production area and rift basin in China, as
well as the center of the late Mesozoic rifting and lithospheric thin-
ning in eastern China (Ren et al., 2002). It is widely believed that SB
has experienced four evolution stages including: asthenosphere
upwelling, extensional rifting, cooling depression, and tectonic
inversion (Feng et al., 2010). The evolution stages reflect the com-
plicated tectonic background including two tectonic domains: the
Paleo-Asian Ocean and the (Paleo) Pacific Ocean. There have been
disputes regarding the geodynamic mechanism of the SB, espe-
cially concerning the subduction system that controls the rifting
process. Some studies argued that it was mainly caused by the
(Paleo) Pacific plate (e.g., Ren et al., 2002; Zhang et al., 2011) while
some believed that the subduction of the Mongolia-Okhotsk plate
was the main driving force (e.g., Meng, 2003; Wei et al., 2010).

In our study, the boundary of the low-velocity anomaly at a per-
iod of 7 s clearly describes the outline of the basin (Fig. 10). More-
over, the variation of the magnitude of the velocity can indicate
variations in the thickness of the sedimentary layer. For example,
the lowest phase velocity at a period of 12 s is found in the central
area of the SB, which corresponds to the central depression with
the thickest sedimentary layer nearly 10 km (Feng et al., 2010).
The low-velocity anomaly beneath SB is divided into two parts,
the southwestern and northern SB, respectively (Fig. 6a and b). In
addition, both magnitude of azimuthal anisotropy and fast direc-
tion differ between the southwestern and northern part of SB.
These observations indicate that the two areas have experienced
different tectonic evolution and sedimentary histories (Wei et al.,
2010).

The shallow crust of SB exhibits a prominent NNE-SSW fast
direction at the depth less than 10 km (Figs. 6a and 12). At the
same depth range, 3-D seismic surveys revealed a series of
NNE-SSW normal faults and fault blocks due to the extensional

T T T
115° 120° 125° 130° 135°

T T T
115° 120° 125° 130° 135°

Fig. 10. Rayleigh wave phase velocities at a period of 7 s (a) and the distribution of sedimentary basins (gray color) in the study area (b). The abbreviations used to denote the

basins match those used in Fig. 1.
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Fig. 11. Rayleigh wave phase velocity at a period of 25 s (a) and the crustal thickness in the study area (b).

tectonism during the rifting period of SB (Feng et al., 2010; Wei
et al,, 2010). Thus, we argue that the anisotropy in the shallow
crust results from the fractures due to extensional rifting of SB.
We also find a remarkable low-velocity anomaly having a similar
strike with the NNE-SSW trending rift basin in the middle crust
beneath the SB (Fig. 6¢), which may be related to the upwelling
process of hot materials from the mantle in an active rift model
or the decompression melting process in a passive rift model
(Cloetingh and Ziegler, 2007). Both the fast direction in the shallow
crust, and the strike of the low-velocity anomaly in the middle
crust, are NNE-SSW, which is similar with the tectonic trend in
the study region in its (Paleo) Pacific tectonic domain (Ren et al.,
2002). It is possible that the rifting of SB was significantly influ-
enced by the (Paleo) Pacific tectonic processes.

Although the central area of SB presents a low-velocity anomaly
from the middle-lower crust to the upper mantle, the Songliao
block (SLB) to the west of the MDJF and the east of the NSGL exhi-
bits a high-velocity anomaly on the whole. The uplifting of the
Moho in this area (Tao et al., 2014; Zhang et al., 2014) could be
an explanation for the high-velocity at a period of 25 s (Fig. 11).
For longer periods, we also observe remarkable high-velocity
anomaly beneath the SLB. Guo et al. (2016) find the high-velocity
anomaly may extend to at least 200 km depth. Previous studies
(e.g., Li et al., 2012) reveal that the thickness of the lithosphere
beneath SLB is approximately 70-80 km. Thus, the high-velocity
anomaly deeper than this depth (e.g., at a period of 50 s, Fig. 6f)
may be a reflection of the submergence of the high-velocity litho-
spheric mantle into the low-velocity asthenospheric mantle. If this
were true, the lithospheric delamination is supposed to occur after
the Mesozoic. This is because the lithospheric mantle of the SLB, to
the east of NSGL, is represented by weak azimuthal anisotropy,
which is different from the obvious frozen-in anisotropy (next sec-
tion) preserved in the neighboring blocks. This suggests that infor-
mation relating to historical deformation in the lithosphere of SLB
before the Mesozoic was possibly erased by later lithospheric
process.

4.2. The west of the North-South Gravity Lineament (NSGL)

The North-South Gravity Lineament (NSGL) is an important
geological zone in eastern China. The morphology, gravity and
magnetic anomalies, crustal and lithospheric thickness (Zheng
et al., 2006; Chen and Ai, 2009), as well as the mantle geochemistry
(Xu, 2007) all change considerably across the NSGL.

Our results indicate that the west of the NSGL is basically char-
acterized by a low-velocity anomaly at the depth of the middle-
lower crust (Fig. 6¢c and d), which is roughly consistent with the
area where the Mesozoic and Cenozoic volcanic rocks are widely
distributed (Xu et al., 2013). Deep seismic sounding also demon-
strates the existence of the curved reflection phases of the igneous
rock in the lower crust under this region (Hou et al., 2015). There-
fore, the low-velocity anomaly in the middle-lower crust is sup-
posed to be a reflection of the magmatic activities (Kang et al.,
2016).

The SLB to the east of the NSGL exhibits weak anisotropy in the
lithospheric mantle, while that to the west of the NSGL presents
strong NE-SW azimuthal anisotropy (Fig.6c and d, and
Fig. 12b and c). The NE-SW fast direction is similar to the strike
of collision zone between the Siberia Craton and the NCC in this
area in the Paleozoic, thus the observed anisotropy may be an indi-
cator of frozen-in structure within the lithosphere. Moreover, it is
also observed that both isotropic phase velocity and azimuthal ani-
sotropy differ across the two sides of the Hegenshan-Heihe fault
(HHF), the suture zone between the Xing’an and Songliao blocks
(Wu et al., 2011). This may be a fundamental cause of the different
lithospheric evolutions in the northern and southern areas of Dax-
ing’anling (Zhang et al., 2010).

4.3. Jiamusi block (JB)

The Jiamusi block (JB) is one of the important tectonic units in
Northeast China, but its tectonic attributes remain controversial.
Oh (2006) believed that JB derived from the Yangtze plate, while
Wau et al. (2011) thought that JB was possibly an exotic terrane
from Gondwana. Based on data from the metamorphic core com-
plex in Heilongjiang, Zhou and Wilde (2013) deduced that JB rifted
away some 260 Ma and then re-docked with the SLB again at
approximately 180-210 Ma.

Our results show that from the middle-lower crust to the upper
mantle (12-35s) the isotropic phase velocity is different on the
two sides of the MD]JF, which is the boundary of the B and SLB. This
may reflect different material properties and thermal states of the
two blocks. In addition, the fast direction and magnitude of aniso-
tropy in lithospheric mantle vary greatly at the two sides. The
whole ]JB exhibits strong N-S trending azimuthal anisotropy
(Fig. 12b), which is similar to that found in a previous large-scale
anisotropic surface wave tomography study (Huang et al., 2004).
Since the anisotropy does not merely occur near the suture zones
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Fig. 12. Variations of the azimuthal anisotropy with period (b-f) under the five profiles whose locations are shown in (a). The shear wave splitting measurements (Li and Niu,
2010) are also shown in (a). The direction and length of blue bars represent the fast direction and splitting time, respectively. In (b-f), the upward and rightward directions of
the bar represent the northward and eastward fast direction of Rayleigh wave. The length of the bar represents the magnitude of the azimuthal anisotropy, the scale of which
is demonstrated within the circle. Abbreviation: XaB, the Xing'an block; CbV, the Changbaishan volcano. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

between blocks, it is demonstrated that the strong anisotropy is
not caused by collision between the blocks, but is influenced by

the specific N-S trending tectonic setting. Thus, it is speculated
that JB is possibly an exotic terrane due to the different physical
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attributes and tectonic settings between the JB and the blocks to its
west.

4.4. The northern margin of the North China Craton (NCC)

It is generally believed that Northeast China blocks were jointed
with NCC in the late Permian-early Triassic, while the suture zone
is located to the north of the CKF (Wu et al., 2011). In the suture
zone, there is an observable azimuthal anisotropy around the crust
mantle boundary (at a period of 25 s) with a NEE-SWW fast direc-
tion, which is similar to the strike of the CKF This local anisotropy
may reflect the deformation in the lower crust and the top of the
upper mantle caused by continental collision (e.g., Deschamps
et al., 2008).

Compared with the Northeast China blocks to the north of the
CKF, the isotropic phase velocity beneath NCC exhibits more dra-
matic spatial variations (Fig. 6d-f)), which indicates the more
heterogeneous lithospheric structure in the NCC. Moreover, the
variations in azimuthal anisotropy of NCC with periods are more
complex than those in the Northeast China blocks
(Fig. 12e and f). This demonstrates that the lithosphere of the
NCC has experienced more complicated tectonic evolution than
that in the Northeast China blocks.

The nearly E-W fast direction in the lithospheric mantle is
observed in the northern margin of the NCC (Fig. 6f), in which
the strike is consistent with the Paleozoic tectonic trend in this
region (Li, 2006). However, the magnitude of anisotropy or fast
direction changes near the NSGL and the Changbaishan region,
which may indicate that the originally tectonic structures were
reformed by the formation of the NSGL in the Mesozoic (or even
later) and the Changbaishan in the Cenozoic. The study of SKS wave
splitting (Fig. 12a) also evinced the near-E-W fast directions in the
northern margin of the NCC (Li and Niu, 2010), which may indicate
that the lithospheric mantle contributes to the observed splitting
to a greater extent than other layers such as the asthenosphere
in this region.

5. Conclusion

In this study, we use ambient noise data recorded at 249 sta-
tions in Northeast China to construct the isotropic phase velocity
maps and azimuthal anisotropy of Rayleigh waves with periods
varying from 5 to 50 s. The inversion results reflect the structure
from the shallow crust to upper mantle up to ~120 km depth.
The fast direction in the shallow crust (with a period of less than
10 s) of Songliao basin is NNE-SSW trended. Meanwhile, an obvi-
ous low-velocity anomaly with similar strike is found in the middle
crust, which may reflect the extensional rifting of Songliao basin as
influenced by the tectonic settings of the (Paleo) Pacific Ocean.
Except for the central area of Songliao basin, the whole Songliao
block to the west of Mudanjiang fault and the east of North-South
Gravity Lineament in low crust and lithospheric mantle is charac-
terized by high velocity and weak anisotropy. It is speculated that
there was lithospheric delamination beneath Songliao block since
the Mesozoic. The widely distributed low-velocity anomalies found
in the middle-lower crust to the west of the North-South Gravity
Lineament are mainly caused by intense magmatic activities in
the Mesozoic and Cenozoic. The prominent N-S fast direction in
the lithospheric mantle of Jiamusi block is very different from that
of other blocks in Northeast China, which indicates that the Jiamusi
block is possibly an exotic terrane. Both isotropic phase velocity
and azimuthal anisotropy beneath North China Craton exhibit
more dramatic spatial variations than those in Northeast China
blocks. This demonstrates that the lithosphere of the North China

Craton has experienced a more complicated tectonic evolution
than that in the Northeast China blocks.
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