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S U M M A R Y
We obtain high-resolution Rayleigh and Love wave phase velocity maps from ambient noise
tomography using data recorded by NECESSArray in Northeast China. The resulting radial
anisotropic model from the joint inversion of Rayleigh and Love wave dispersion curves reveals
strong relationship between the crustal radial anisotropy and tectonic provinces, that is, strong
positive anisotropy (Vsh > Vsv) beneath the Songliao Basin and weak radial anisotropy beneath
the Xinmeng Belt and Changbaishan Region. The Songliao Basin experienced widespread
crustal extension during the late Mesozoic. We interpret the lower crustal anisotropy beneath
the Songliao Basin as a result of ductile deformation during the rifting stage, which may lead
to the alignment of anisotropic minerals and the observed strong radial anisotropy at present.
In the northern Songliao Basin, where thick syn-rift and post-rift sediments (≥4 km) are
believed to be present, we observe a broader lateral distribution of anisotropy with stronger
amplitude compared with the southern basin. We suggest that the broader distribution of crustal
radial anisotropy in the northern basin could be the consequence of outward lower crustal flow
driven by the sedimentary loading during the post-rift stage, which is also proposed by previous
numerical modeling.
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1 I N T RO D U C T I O N

Knowledge of rifting process is essential to better understand con-
tinental tectonics, including crustal extension, continental breakup
and strain configurations in the lithosphere (Wilson et al. 2005).
Situated between the North China Craton and the Siberia Craton,
Northeast (NE) China has experienced extensive continental rifting
since the Mesozoic, leaving behind a series of developed basins
(Meng et al. 2003). The Songliao Basin is the largest hydrocar-
bon province among all these basins (Wei et al. 2010). The crustal
extension in the Songliao Basin is manifested by the thick sedimen-
tary deposits (Wei et al. 2010), widespread magmatism in the late
Mesozoic (Wu et al. 2001; Li et al. 2012), high-angle normal faults
(Yang et al. 1996) and metamorphic core complexes (Meng et al.
2003). However, how the deep crust responds to the extension and
what is the deformation mode in the deep crust are still not fully
understood because there is a lack of direct evidence for deforma-
tion in the deep crust. Observations of seismic radial anisotropy can
provide essential information for the deformation or flow within
the crust (Lin et al. 2010; Moschetti et al. 2010; Xie et al. 2013;
Harmon & Rychert 2015).

Multidisciplinary geophysical studies have been carried out to
study the crustal and upper-mantle structure of NE China (Fukao et

al. 1992, 2009; Ai et al. 2003; Zhao 2004; Lei & Zhao 2005; Zheng
et al. 2011; Lei et al. 2013; Takeuchi et al. 2014; Zhang et al. 2014;
Ranasinghe et al. 2015). For example, Lei & Zhao (2005) conducted
body-wave tomography and suggested that widespread low velocity
beneath the Changbaishan volcano in NE China can be traced down
to the mantle transition zone; Guo et al. (2015) obtained high-
resolution crust model of NE China by joint inversion of ambient
noise and receiver functions and observed complicated upper crustal
structure beneath the Songliao Basin. Recent seismic tomography in
NE China observed widespread high velocity beneath the Songliao
Basin from the lower crust to upper mantle (Tang et al. 2014; Guo
et al. 2016). However, most of previous studies are focused on
the isotropic velocity model of NE China, and to date, no basin-
wide radial anisotropy studies have been performed in NE China. A
high-resolution crustal radial anisotropy model helps constrain the
crustal extension mode and delineate the formation and evolution
of the Songliao Basin during the late Mesozoic.

Radial anisotropy can be obtained by jointly inverting Rayleigh
and Love wave speeds (Montagner & Tanimoto 1991; Shapiro et al.
2004; Beghein et al. 2006; Visser et al. 2008; Yuan & Romanowicz
2010). In recent years, a lot of regional high-resolution crustal radial
anisotropy models are obtained (Moschetti et al. 2010; Luo et al.
2013; Xie et al. 2013; Fu & Li 2015), benefiting from the progress
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Figure 1. Station distribution and geological settings. Blue triangles denote the 127 NECESSArray stations. NE China is comprised of the Xinmeng Belt, the
Songliao Basin and the Changbaishan Region. Red points indicate Cenozoic volcanoes in NE China. Blue lines are the paths shown in Fig. 3. White lines
outline major Mesozoic Basins in NE China, including the Songliao Basin (SLB), Sanjiang Basin, Hailar Basin and Erlian Basin. CBV: Changbaishan volcano;
JPHV: Jingpohu volcano; WDLCV: Wudalianchi volcano; HLHV: Halaha volcano; ABGV: Abaga volcano. The bottom-right inset shows the motion of the
Pacific plate relative to the Eurasia plate. The black rectangle in the inset outlines the study area.

of ambient noise tomography technique and dense seismic arrays.
For example, Moschetti et al. (2010) recently reported the presence
of strong radial anisotropy in the deep crust of the Basin and Ranges
and took it as evidence for the widespread extensional deformation
in the deep crust.

In this study, we obtain short period (6–40 s) Rayleigh and Love
phase velocities from ambient noise tomography and then jointly
invert Rayleigh and Love dispersion curves to construct the first
high-resolution crustal radial anisotropy model in NE China. Our
crustal radial anisotropy model exhibits significant anisotropy pat-
terns, which is closely correlated with geological blocks in NE
China.

2 G E O L O G I C A L S E T T I N G

Our study region includes the Changbaishan Region in the east,
the Songliao Basin in the centre and the Xinmeng Belt in the west
(Fig. 1). NE China is the eastern end of the Central Asian Orogenic
Belt, which is one of the largest accretionary terranes on the Earth
and situated between the Siberia and North China Cratons. It records
an over 800 Ma history of island arc and microcontinent accretion
from ∼1020 to ∼160 Ma. The Solonker suture to the north marks
the closure of the Palaeo-Asian Ocean in the late Triassic (∼200 Ma)
and is the terrane boundary between the NE China and the North
China Craton (Sengör et al. 1993). The closure of the Mongol–
Okhotsk Ocean in the middle Jurassic (∼160 Ma) completed the
final docking of the NE China between the Siberia and North China
cratons (Meng et al. 2003).

Since the late Mesozoic, the tectonic and magmatic evolution
of NE China is mostly controlled by the subduction of the Pacific
Plate (Fukao et al. 1992, 2009; Ai et al. 2003; Zhao 2004; Lei &
Zhao 2005; Lei et al. 2013). During the late Mesozoic, NE China
had gone through widespread extension (Ren et al. 2002). The

Songliao Basin began developing since the late Jurassic (Ren et
al. 2002; Wang et al. 2006) and lasted until the late Cretaceous.
After that, the Songliao Basin entered into a cooling/post-rifting
stage and accumulated thick sediment deposits (Liu et al. 2001;
Wei et al. 2010). The mechanism of crustal extension during the
late Mesozoic is still under debate, and considered to be mainly
attributed to the foundering of the Palaeo-Pacific Plate (Wang et al.
2006) or the gravitational collapse after the collision between NE
China and the Siberia craton (Meng et al. 2003).

During the Cenozoic, NE China has experienced several episodes
of volcanic activities (Lei & Zhao 2005; Chen et al. 2007; Lei et
al. 2013). The Cenozoic intraplate volcanism, consisting of mainly
alkali basalts, is widely distributed in the eastern, western and north-
ern flanks of the Songliao Basin (Liu et al. 2001). The tectonics of
NE China over the last 10 Ma is under E-W compression and the
strain rate is relatively small (Li & Niu 2010).

3 R AY L E I G H A N D L OV E P H A S E
V E L O C I T Y M E A S U R E M E N T S

In NE China, a dense portable seismic array called NECESSArray
was deployed from 2009 September to 2011 August (Fig. 1). This
array consists of 127 portable broad-band stations. We collect all
the three-component continuous seismic ambient noise data from
this array and then cross-correlate vertical–vertical and horizontal–
horizontal components of ambient noise between all station pairs
to extract Rayleigh and Love waves, respectively, following the
data processing procedures of Lin et al. (2008) and Moschetti et
al. (2010). First, we cut three components of raw continuous seis-
mic data to a series of one-day segments and then decimate them
into 1 sample per second. Seismic data are bandpass filtered at a
5–150 s period band after instrument responses were removed. Then,
we use a running absolute mean normalization in time domain to
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Figure 2. (a) Examples of a T-T cross-correlations between station NE4A and other stations. (b) Corresponding Z-Z cross-correlations between NE4A and
other stations.

remove the effects of earthquakes and other irregularities, and per-
form spectral-domain whitening to whiten the amplitude spectra.
Cross-correlation of Z-Z, N-E, E-N, N-N and E-E components be-
tween station pairs are carried out as a daily record and stacked. Fi-
nally, we rotate the four horizontal components of cross-correlations
(N-E, E-N, N-N and E-E) to obtain T-T cross-correlations for Love
waves.

Examples of T-T and Z-Z cross-correlations between station
NE4A and other stations are presented in Fig. 2. Clear and co-
herent Love wave (T-T) and Rayleigh wave (Z-Z) signals are seen
both in positive and negative time lags. An automatic frequency–
time analysis method (FTAN) (Levshin & Ritzwoller 2001) is then
employed to measure Rayleigh and Love phase velocity disper-
sion curves at 6–40 s periods from Z-Z and T-T cross-correlations,
respectively.

Two examples of interstation Rayleigh and Love wave waveforms
and dispersion curves are plotted in Fig. 3. The station pair between
NE11 and NE8B is in the Songliao Basin and the second one be-
tween station NE53 and NE91 is in the Xinmeng Belt. Tentative
inversion of these phase dispersion curves shows that the isotropic
velocity model (Figs 3c and f) cannot explain the observed phase
velocity dispersion curves, especially for the station pair (NE11
and NE8B) in the Songliao Basin, where the predicted Love wave
phase dispersion curve is much lower than the observed one from
an inversion assuming no radial anisotropy.

We only retain dispersion measurements with the signal-to-noise
ratio larger than 20 and the interstation distances longer than 1.5
wavelengths for tomography, as Luo et al. (2015) have demonstrated
that dispersion curves from ambient noise can be accurately mea-
sured from station pairs with interstation distances as short as one
wavelength. Using these interstation dispersion curves, we generate
Rayleigh wave phase velocity maps at 6–40 s periods and Love
wave phase velocity maps at 8–40 s periods on a 0.5◦ × 0.5◦ spatial
grid using the tomography method of Barmin et al. (2001).

The resulting phase velocity maps are plotted in Fig. 4 at 10,
20 and 30 s periods for both Rayleigh and Love waves. At each
individual period, lateral variations of Rayleigh and Love waves
are very similar to each other. The most pronounced feature of
these phase velocity maps is the prominent low velocities at the
short periods (<20 s) in the Songliao Basin. Low phase velocity
is also observed in the Xinmeng Belt at the intermediate period
band of 20–30 s. At longer periods (30–40 s), we observe moderate
high phase velocity in the Songliao Basin and low phase velocity
in the Xinmeng Belt and Changbaishan Region. Phase velocity
uncertainties of Rayleigh and Love wave are estimated from the
posteriori diagonal elements of the model covariance matrix (Guo
et al. 2016). Phase velocity uncertainties are small in the centre of
the study region and increase towards its peripheries. Uncertainties
of Rayleigh wave (∼5–25 m s−1) are all smaller than those of Love
wave (∼10–35 m s−1).

Fig. 5 shows maps of ray path density and results of checker-
board tests for Rayleigh and Love waves at 20 and 40 s. We use a
checkerboard model with velocity perturbation ±6 per cent alter-
nating over each 1.5◦ × 1.5◦ block size to generate synthetic data
with the same ray path distributions as observations. Random un-
certainties of 10–30 and 15–45 m s−1 are added to the Rayleigh and
Love wave dispersion curves, respectively. As shown in Fig. 5, the
input anomalies are well recovered at the regions with high dense
ray path coverage. More checkerboard tests using different sizes
of input velocity anomaly are shown in Fig. S1 in the Supporting
Information, indicating our data can recover anomalies with size
larger than 1.5◦ × 1.5◦ very well.

4 I N V E R S I O N F O R R A D I A L
A N I S O T RO P Y

Having obtained the dispersion maps for both Rayleigh and Love
waves, we extract the local dispersion curves at each geographic
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Figure 3. Examples of Rayleigh and Love waves between station NE11 and NE8B (a) in the Songliao Basin and between station NE53 and NE91 (d) in the
Xinmeng Belt. Rayleigh and Love phase velocity dispersion curves extracted from these two cross-correlations are shown in (b) and (e) with error bars taken
from the average uncertainties of phase velocity maps shown in Fig. 4. Predicted phase velocity curves from inversion with an isotropic velocity model are
shown as red lines. Corresponding isotropic velocity model (c) and (f) cannot simultaneously fit observed Rayleigh and Love wave dispersion curves. The
green line shows the average model from accepted 3000 models.

node of the 0.5◦ × 0.5◦ grid. Then, the local dispersion curves
of Rayleigh and Love waves are jointly inverted for 1-D isotropic
S-wave velocity and radial anisotropy at each geological node. A
Bayesian inference approach is employed to solve the inversion
problem. The model space is searched using a Markov Chain Monte
Carlo (MCMC) method with the delay rejection adaptive metropolis
algorithm applied to sampling the posterior distribution (Haario et
al. 2006; Afonso et al. 2013; Shan et al. 2014; Guo et al. 2016).
Here, we define the misfit function as:

ε = 1

nr

∑ (
Gr − dr

σ r

)2

+ 1

nl

∑ (
Gl − dl

σ l

)2

,

where n is the number of digitized periods for Rayleigh and Love
wave dispersion curves, respectively. The Gr and Gl are predicted
dispersion curves and d is corresponding observed data. The σ is
data uncertainty. The forward modeling is performed using a modi-
fied version of Mineos (Guy et al. 2007), which takes a transversely
isotropic medium into consideration. We use six independent pa-
rameters [Vs, ξ , Vp, �, ρ, η] to describe a radially anisotropic
medium, where Vs and Vp are isotropic velocities of Vs = (Vsh +
Vsv)/2 and Vp = (Vph + Vpv)/2, Vsv and Vpv are vertically polar-

ized P and S wave, Vsh and Vph are horizontally polarized P and
S wave, ξ and � are radial anisotropic moduli related to S wave
and P wave, which we use to represent the Rayleigh–Love discrep-
ancy. Here, ξ and � are defined as ξ = (Vsh − Vsv)/Vs × 100 per
cent and � = (Vph − Vpv)/Vp × 100 per cent. ρ is density. We
employ Birch’s law (Birch 1961) to relate the P-wave velocity to
density (Xie et al. 2013). We take Vs and ξ as independent pa-
rameters in the inversion and then scale Vp to Vs using the Vp/Vs

ratio model of Tao et al. (2014) in the crust and 1.732 in the upper
mantle. Following Xie et al. (2013), we scale Vp anisotropy (�) and
η to Vs anisotropy (ξ ) by following relationships: � ≈ 0.5ξ and
η ≈ 1.0–4.2ξ .

The 1-D Vs model is parametrized using 4 B-splines to describe
velocity variation in the crust and 5 B-splines to describe veloc-
ity variations in the uppermost mantle. The radial anisotropy is
parametrized by one crustal layer and one mantle layer. We use
the 3-D Vsv model of Guo et al. (2015) as the starting model. The
MCMC searches the Vs model within a ±20 per cent range from
the starting model and radial anisotropy within a ±12 per cent
range. The crustal thickness from Tao et al. (2014) is taken as a
starting value. The searched crustal thickness is allowed to perturb
between ±5 km from the starting model. A correction of attenuation
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Crustal radial anisotropy in Northeast China 201

Figure 4. Rayleigh and Love phase velocity maps at 10, 20 and 30 s periods from ambient noise tomography. The velocity maps are plotted as perturbations
relative to the average velocity at each period, which is shown in the bottom-right corner at each panel. The SLB is outlined.

on dispersion curves is applied using the Q values from PREM
(Dziewonski & Anderson 1981), similar to Guo et al. (2015) and
Guo et al. (2016). An additional prior constraint is imposed on the
velocity contrast across the Moho, forcing it to be positive (mantle
Vs> lowest crust Vs).

Before performing the final radial anisotropy inversion, we first
perform several inversion tests to investigate the possible origin of
radial anisotropy in NE China. In the first inversion, we assume that
both crust and uppermost mantle are isotropic, that is, Vsv = Vsh.
The reduced chi-squared misfit of the best-fitting dispersion curve at
each geological node is plotted in Fig. 6. Considerably large misfits
are observed in the regions of the Songliao Basin (Fig. 6c). Fig. 6(a)
shows that observed Love wave phase velocities are considerably
higher than the estimated phase velocities (red lines) at point A in
the Songliao Basin. A similar feature is also observed at point B
in the Xinmeng Belt (Fig. 7a). The large misfits in the dispersion
curves indicate that an isotropic Vs model cannot simultaneously fit
both Rayleigh and Love wave dispersion curves in NE China and
radial anisotropy must be taken into consideration to account for
the Rayleigh–Love discrepancy.

In the second inversion test, we introduce anisotropy for the upper
mantle but still keep the crust as an isotropic layer. The introduction
of mantle radial anisotropy slightly improves data fits at point B
(Fig. 7b). However, the large misfits in the Songliao Basin are barely
improved (Figs 6d and f), in particular, the misfits at short periods

are extremely large, indicating that there must be radial anisotropy
present in the crust.

In the third test, in contrast to the second inversion test, we allow
anisotropy in the crust but keep the uppermost mantle isotropic. The
introduction of crustal anisotropy significantly reduces misfits in the
Songliao Basin (Fig. 6i). We find a good fit between observed and
predicted dispersion curves at point A (Figs 6g and h) with relatively
strong radial anisotropy (ξ > 4 per cent). However, for point B in
the Xinmeng Belt (Fig. 7c), only weak crustal anisotropy (ξ < 2 per
cent) is needed to reach a good data fit at short periods (less than
30 s). Thus, we conclude that strong crustal radial anisotropy (ξ > 4
per cent) is needed to reduce the Rayleigh–Love discrepancy in the
Songliao Basin.

In the final inversion, we simultaneously invert for the S-wave
isotropic velocity and radial anisotropy in the mid to lower crust and
upper mantle. The sedimentary layer is considered to be isotropic in
the inversion. We note that the introduction of radial anisotropy in
the sedimentary layer does not improve the surface wave data fitting
(Figs S2 and S3, Supporting Information) because our dispersion
curves at periods longer than 6 s is weakly sensitive to the sedi-
mentary layer. In the final inversion, the reduced chi-square misfits
decrease to less than 1.5 in the whole study region as shown in
Fig. 8; and we observe ∼4.87 per cent radial anisotropy in the crust
and ∼2.74 per cent uppermost mantle anisotropy at point A in the
Songliao Basin (Fig. 8b).
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202 Z. Guo, Y. Yang and Y.J. Chen

Figure 5. Ray path density for (a) Rayleigh and (b) Love wave at 20 s period. Checkerboard resolution tests for (c) Rayleigh and (d) Love wave at 20 s period.
(e)–(h) are similar to (a)–(d) but for 40 s Rayleigh and Love waves. The SLB is outlined by the black/white lines.
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Crustal radial anisotropy in Northeast China 203

Figure 6. Inversion tests to investigate the source of radial anisotropy in NE China. The top row shows inversion results assuming the crust and upper mantle
are both isotropic: (a) the fitting of Rayleigh and Love wave dispersion curves and (b) posteriori distributions of radial anisotropy at node A in the Songliao
with its location marked in (c). The green line shows the mean of final 3000 models. (c) The reduced chi-square misfit map of dispersion curves. Observed
Rayleigh and Love phase velocities are shown with error bars in (a), (d), (g) and predicted phase dispersion curves are shown in red lines. The middle and
bottom rows are similar to the top row, but are results from inversions assuming an isotropic crust with anisotropic mantle and anisotropic crust with isotropic
mantle, respectively.

5 R E S U LT S A N D D I S C U S S I O N S

5.1 Crustal and upper-mantle radial anisotropy
of NE China

The final isotropic S-wave (Vs) velocity and radial anisotropy in the
mid to lower crust and uppermost mantle are shown in Fig. 9. The
velocity pattern of the isotropic velocity model from this study is
very similar to the Vsv model of Guo et al. (2015). The Xinmeng
Belt is underlain by large-scale low-velocity anomalies in the mid
to lower crust. High velocity is imaged from the lower crust to
the uppermost mantle beneath the Songliao Basin. Since major
isotropic velocity features have been discussed by Guo et al. (2015),

we do not elaborate the interpretation again but mainly focus on the
discussions of radial anisotropy.

The distribution of crustal anisotropy exhibits close correlation
with tectonic provinces. Weak crustal radial anisotropy (<2 per cent)
is found beneath the Xinmeng Belt and Changbaishan Region. Rel-
atively strong radial anisotropy (4–6 per cent) is observed beneath
the Songliao Basin (Fig. 9c), which is distributed symmetrically
along the NNW-SSE trending basin axis, and decreases towards the
peripheries of the basin. Compared to the southern Songliao Basin,
the northern basin is characterized by more broadly distributed ra-
dial anisotropy with the largest anisotropy (∼6 per cent) observed in
the centre of the northern Songliao Basin. Figs 9(e) and f shows the
uncertainties of radial anisotropy in the crust and uppermost mantle,
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Figure 7. Results of inversion tests for point B in the Xinmeng Belt. (a) Isotropic inversion; (b) inversion with anisotropic mantle layer; (c) inversion with
anisotropic crustal layer and (d) inversion with anisotropic crustal and mantle layer.

Figure 8. Inversion test with anisotropic crustal and upper-mantle layer. (a) Rayleigh and Love wave data fit at node A; (b) posteriori distributions of radial
anisotropy at node A and (c) data misfit map.

taken from the standard deviations of the posterior distribution of
MCMC inversion. The uncertainty of radial anisotropy is ∼1 per
cent in the crust and increases to ∼1.5 per cent in the uppermost
mantle. Synthetic tests are performed to evaluate the reliability of
our joint inversion, which is shown in Fig. 10. We use synthetic

data generated from regional-averaged S-wave velocity model with
4 per cent or 2 per cent crustal anisotropy and 2 per cent or 4
per cent mantle anisotropy (dashed line in Figs 10a or b). Random
errors, similar to the uncertainties of regional-averaged phase veloc-
ity, are added to the synthetic dispersion curves. In both inversions,
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Crustal radial anisotropy in Northeast China 205

Figure 9. (a) and (b) The resulting model of isotropic S-wave velocity at 23 and 50 km, respectively, which is defined as Vs = (Vsv + Vsv)/2. The reference
shear wave velocity is labeled at the bottom right corner. (c) and (d) Radial anisotropy in the mid to lower crust and in the uppermost mantle. (e) and (f) Model
uncertainties for crustal and upper-mantle anisotropy.

we obtain Gaussian-shaped posteriori distribution with the peak
value close to the input model. The distribution of radial anisotropy
in the upper mantle is flatter than in the crust, which means
that our crustal anisotropy is more reliable than the upper-mantle
anisotropy.

5.2 Strong crustal anisotropy in the Songliao Basin

Positive radial anisotropy in the mid to lower crust is often consid-
ered to be attributed to the horizontal alignment of lattice-preferred
orientations (LPO) of anisotropic minerals due to crustal extension
(Moschetti et al. 2010; Xie et al. 2013). As to NE China, recent
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Figure 10. Synthetic test results. The dashed lines are input radial anisotropy. The red histogram is the posteriori distribution of radial anisotropy in the crust
and the blue histogram is the posteriori distribution in the upper mantle. (a) Input crustal radial anisotropy is 4 per cent and mantle anisotropy is 2 per cent. (b)
Input crustal anisotropy is 2 per cent and mantle anisotropy is 6 per cent.

geophysical studies suggest that entire NE China is in a low strain
state at present (Li & Niu 2010; Ji et al. 2014; Wei et al. 2014),
indicating that the observed anisotropy does not infer the current
stress status but reflects the past deformation. We propose that the
crustal radial anisotropy beneath the Songliao Basin is probably
related to the large-scale crustal extension in East Asia during the
late Mesozoic (Meng 2003).

Two end-member mechanisms are usually invoked to account for
the formation of rift basins, including the pure-shear (McKenzie
1978) and simple-shear model (Wernicke 1985). For the simple-
shear model, the strain concentrates along low-angle detachments
that may cut through the entire lithosphere and produce an asym-
metric crustal extension. In the pure-shear model, the crust ex-
tends evenly with respect to the rift axis. Our observation of the
nearly symmetric distribution of crustal anisotropy along the axis
of the Songliao Basin suggests that the basin most likely has under-
gone even deformation, consistent with the pure-shear deformation
model, which is also supported by the elevated Moho and nearly
flat LAB (lithosphere-asthenosphere boundary) revealed by receiver
function studies (Guo et al. 2014; Zhang et al. 2014).

In the pure-shear deformation model, the brittle deformation in
the upper crust is synchronous with the ductile deformation in
the relatively weak lower crust. According to the ‘jelly-sandwich’
model, the viscosity of the lower crust is much lower than that of
the mantle lithosphere and upper crust (McKenzie et al. 2000a).
The mantle upwelling and widespread volcanism in NE China in
the late Mesozoic may also substantially weaken the lower crust
by introducing heat (Wu et al. 2005; Wu et al. 2011). Therefore,
crustal thinning in the Songliao Basin may be accommodated by
the high-angle normal faults in the brittle upper crust, which has
been suggested by pervious seismic reflection/refraction studies in
the Songliao Basin (Yang et al. 1996) and ductile deformation in
the mid/lower crust (Kusznir & Matthews 1988; Rey et al. 2001).
The ductile deformation in the mid to lower crust may lead to the
alignment of anisotropic minerals.

Stratigraphic studies (Wei et al. 2010) show that the northern
and southern parts of the Songliao Basin have experienced a differ-

ent subsidence history. Although the syn-rift subsidence is similar,
the northern Songliao Basin had accumulated rather thick post-rift
strata, reaching as thick as ∼4 km (Wei et al. 2010) during the
late Cretaceous. Recent numerical modeling shows that if a basin
receives thick post-rift accumulations, an outward lower crustal
flow from the basin to surrounding area can be driven by sedi-
ments loading during the post-rift stage (Morley & Westaway 2006).
The crustal flow would in turn enhance the post-rift subsidence
(McKenzie et al. 2000; Morley & Westaway 2006). We propose
that the lower crustal flow may take place in the northern Songliao
Basin during the late Cretaceous, that is, the thicker sediments lead
to the stronger outward flow and the wider distribution of lower
crustal anisotropy reported here.

5.3 Uppermost mantle anisotropy beneath the Xinmeng
Belt and Changbaishan Region

A reverse pattern of anisotropy is observed in the uppermost mantle,
that is, strong radial anisotropy beneath the Xinmeng Belt and the
Changbaishan Region and weak anisotropy beneath the Songliao
Basin. The strong anisotropy in the upper mantle beneath the Xin-
meng Belt and Changbaishan Region with low velocities (Figs 9b
and d) may be related to the LPO of anisotropic materials such as
olivine due to the mantle flow at the present. The recent teleseismic
surface wave and body-wave tomographic studies also reveal large-
scale upper-mantle low velocity beneath the Changbaishan Region
and Xinmeng Belt (Tang et al. 2014; Guo et al. 2016). However,
because the period range of surface waves used in this study is most
sensitive to the crustal structure, the structures of the upper mantle
are not well constrained. The estimated error for the upper-mantle
anisotropy is significantly higher than that in the crust (Fig. 10). In
order to better constrain the anisotropy in the uppermost mantle,
we need to include the long-period surface waves, which can be
obtained from earthquake surface waves and will be carried out in
a future study.
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6 C O N C LU S I O N S

From the analysis of crustal radial anisotropy in NE China, we ob-
serve that there is strong positive radial anisotropy in the mid to
lower crust beneath the Songliao Basin (4–6 per cent) and overall
weak radial anisotropy in the Xinmeng Belt and Changbaishan Re-
gion (<2 per cent). We interpret the mid/lower crustal anisotropy
beneath the Songliao Basin as a consequence of the late Meso-
zoic crustal extension. The broader distribution of crustal radial
anisotropy beneath the northern Songliao Basin is consistent with
the rather thick post-rift subsidence in the northern basin, and can be
interpreted as a consequence of outward lower crustal flow from the
basin to surrounding area driven by thick sediment loading during
the post-rift stage.
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Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. (a)–(c) Checkboard resolution tests for Rayleigh and
(d)–(f) Love wave at 20 s. The input anomaly are (a) and (d) 1◦ × 1◦,
(b) and (e) 1.5◦ × 1.5◦ and (c) and (f) 2◦ × 2◦ blocks with velocity
perturbation ±6 per cent. The input anomalies are recovered very
well for (b) and (c) checkboard models. There is relatively strong
smearing effects in marginal areas for 1◦ × 1◦ size input anomaly,
particularly for Love wave.
Figure S2. Synthetic test for exploring how much of sedimentary
anisotropy can be mapping into crust and upper mantle. The input
model has 6 per cent anisotropy in the sedimentary layer (5 km) and
the mid to lower crust and upper mantle is isotropic (green line). In
the inversion, we keep the sedimentary layer isotropic and invert for
the anisotropic mid to lower crust and upper mantle. The resulting
anisotropy model and dispersion curves are shown in (a) and (b).
The resulting anisotropy model shows that the only <0.8 per cent
anisotropy can be mapped into mid to lower crust and upper mantle
by ignoring sedimentary anisotropy. This value is significantly lower
than the resulting anisotropy (∼4–6 per cent) in the mid to lower
crust beneath the Songliao Basin.
Figure S3. Inversion tests for (a) anisotropic sedimentary layer and
isotropic crystalline crustal and mantle layer, (b) isotropic sedimen-
tary layer and anisotropic crystalline crustal and mantle layer and
(c) anisotropic sedimentary, crystalline crustal and mantle layer at
location (124.50 E◦, 45.50 N◦) in the Songliao Basin. The sedimen-
tary layer thickness is from CRUST1.0 (Laske & Masters 1997).
The first row shows observed phase velocity and predictions. The
second row shows corresponding anisotropy model. The first inver-
sion shows that only the anisotropic sedimentary layer cannot fit
the Rayleigh and Love wave at the same time. The second and third
inversions show that whether or not including the anisotropy of the
shallower crust in the inversion has a subtle effect on the resulting
crustal and upper-mantle anisotropy.
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
ggw261/-/DC1)
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