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Abstract The Pn and Sn residuals from regional events provide strong constraints on the structure
and lithological characteristics of the uppermost mantle beneath eastern China and its surroundings. With
the dense Chinese Digital Seismic Network in eastern China, separate Pn and Sn tomographic inversions
have been exploited to obtain P and S velocities at a resolution of 2∘ × 2∘ or better. The patterns of
P velocities are quite consistent with the S velocities at depth of 50 and 60 km, but the amplitude of P wave
speed anomalies are a little larger than those of S wave speed. The low P wave speed, high S wave speed,
and low Vp∕Vs ratio beneath the northern part of Ordos Basin are related to upwelling hot material. Abrupt
changes in material properties are indicated from the rapid variations in the Vp∕Vs ratio.

1. Introduction

The tectonic framework of Eastern China and its surroundings is mainly composed of three Precambrian cra-
tons: the southernmost part of Siberian Craton, North China Craton, and Yangtze Craton and three major
orogens: the eastern part of Central Asian Orogen, Qinling-Dabie-Sulu Orogen, and Cathaysia Block, which
are shown in Figure 1a. The Siberian Craton comprises Archean blocks and Paleoproterozoic fold belts that
became a part of craton after 300 Ma evolution [Glebovitsky et al., 2008]. The eastern part of the Central Asian
Orogen is a mosaic of Precambrian continental fragments, oceanic crust from the Paleozoic and Mesozoic,
and even island arcs at different periods [Didenko et al., 2010].

The Precambrian North China Craton suffered lithospheric destruction during the Mesozoic in the east
as a result of the westward subduction of Pacific Plate [e.g., Zhu and Zheng, 2009; Zheng et al., 2013],
while it kept the classic cratonic characteristics in the west part, e.g., Ordos Basin. The South China Block
composing of the Yangtze Craton and Cathaysia Block is separated from the North China Craton by the
Qinling-Dabie-Sulu Orogen. The South China Block is considered to be formed by a continent-continent
collision between Yangtze Craton and Cathaysia Block in the Neoproterozoic [e.g., Zhang et al., 1984; Zheng
et al., 2013; Zhao, 2015].

The characteristics of the seismograms from regional events are dominantly governed by the structure of
the uppermost mantle. Thus, we can provide strong physical constraints on velocities and rock properties
on the uppermost mantle by jointly investigating regional Pn and Sn arrivals. Teleseismic tomography with
nearly vertical propagation provides somewhat patchy resolution at these depth, due to the relatively large
station spacing. Comparatively, few Sn tomographic inversions have been performed, while Pn tomography
is common. This is because Sn phases usually have small amplitude and are easily contaminated by the P coda
waves so that they are difficult to pick. Fortunately, the dense networks in eastern China provide good Sn data.

Several factors, such as composition, temperature, the presence of partial melt and water, and even
anisotropy, have prominent influences on both the P and S wave speeds but with rather different sensitivities.
Separate interpretations of P velocities or S velocities may result in uncertainties or misunderstanding of the
true scenario. However, the joint interpretation of both P and S velocities, with the aid of the Vp∕Vs ratio
or Poisson’s ratio, provides more constraints and reduces the uncertainties. With the help of the frequent
earthquakes and the densely deployed Chinese Digital Seismic Network with an average distance of 100 km
in eastern China, we examine the P and S velocities and the Vp∕Vs ratio from Pn and Sn tomography in eastern
China and its surroundings.
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Figure 1. (a) The main tectonic units with boundaries indicated with dashed lines. Key to marked features: BB, Bohai
Basin; CAO, Central Asian Orogen; CBl, Cathaysia Block; IDF, Inner Mongolia and Daxinganling Fold Belt; NCC, North
China Craton; OB, Ordos Basin; QDF, Qinling-Dabie Fold; SB, Sichuan Basin; SiC, Siberia Craton; SLB, Songliao Basin; TNO,
Trans-North China Orogen; XFO, Xuefeng-jiuling Orogen; and YZC, Yangtze Craton. The related volcanoes are marked by
red triangles: CV, Changbaishan Volcano and WV, Wudalianchi Volcano. (b) Location of seismic stations (diamonds) and
events (black plus). Stations from Chinese Seismic Digital Network are shown in blue and those for which readings are
taken from the ISC are shown in dark red.

2. Data and Methodology

To obtain the Vp∕Vs ratio, we performed a tomographic inversion using the regional Pn and Sn arrivals in east-
ern China and its surroundings. These regional arrival times are retrieved from the China Earthquake Data
Center (CEDC) and International Seismological Centre (ISC) between 1990 and 2015. We use the arrival times
picked visually by the seismological analysts. Where possible we have used waveform examination to check
the quality of the records. We apply strict selection criteria, as discussed in section S1 of the supporting infor-
mation. Picks for S are less reliable than for P, but the travel times are longer, and so the relative uncertainty is
about a factor of 2.

Finally, 11,755 Pn paths and 9999 Sn paths are extracted from 829 natural and quarry events. The distributions
of events and stations are shown in Figure 1b. The data coverage and paths for Pn and Sn are comparable, so
resolution of heterogeneity should be similar, and thus the Vp∕Vs ratio will be consistent. It should be noted
that even when the same source and receiver record both P and S, the paths taken by the propagating P and
S waves can be different, because of variations in the Vp∕Vs ratio.

The uppermost mantle phases Pn and Sn are the first arrivals for epicentral distance between 1.8∘ and 12∘. We
use the representation of these phases as diving waves returned by velocity gradients in the upper mantle
[see, e.g., Kennett, 2002, chap 19], so that beyond 500 km epicentral distance the phases are well separated
from the Moho discontinuity.

To allow for the variations in velocity gradients in the mantle and observations across a broad range of epi-
central distances, we perform a 3-D inversion exploiting the Pn and Sn travel times. The 3-D FMTOMO (Fast
Marching TOMOgraphy) approach [Rawlinson and Urvoy, 2006] is employed to invert the regional Pn and Sn
travel time residuals and build the Vp∕Vs ratio.

Before the standard tomography, two key procedures are implemented which greatly help to improve the
accuracies of the final results. A good initial S wave speed model with small deviations from the true Earth
model is first derived from the global SL2013sv model [Schaeffer and Lebedev, 2013] for the upper mantle,
which well represent the long-scale characteristics of tectonic and geologic setting. The P wave speed is gen-
erated from the initial S model by empirical formulae [Kennett et al., 2013]. The crustal P and S velocities and
the Moho depth (see Figure 2c) are extracted from the global 3-D CRUST1.0 model [Laske et al., 2013].

Second, all events are relocated using the initial 3-D model taking account of the lateral and vertical varia-
tions of both P and S wave speeds and all available phases including crustal phases Pg, Sg and mantle phases
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a) b) c)

Figure 2. Wave paths for well-relocated events (a) Pn and (b) Sn. (c) The 3-D parameterized Moho depth from the
CRUST1.0. The epicenters are marked by black circles. The paths are color coded by their P travel time residuals relative
to the 1-D ak135 model [Kennett et al., 1995]. Positive residuals indicate slow velocities, while negative residuals
correspond to fast velocities.

Pn, Sn. The nonlinear Neighborhood Algorithm [Sambridge and Kennett, 2001] is used to determinate all
four hypocentral parameters, which minimizes the tradeoff between the focal depth and the origin time of
an event.

The effect of the relocation procedure is to reduce systematic biases in the patterns of travel time residuals
associated with the use of just a 1-D model and often to tighten the distribution of residuals. We illustrate the
improvement in the histogram of travel time residuals for station GYA in southern China in section S4 of the
supporting information.

Figure 2 displays all the P and S wave paths we have used with color coding of the residuals of the Pn and Sn
travel times , relative to the global ak135 model [Kennett et al., 1995], for all events after relocation with the 3-D
initial model. Relatively few raypaths for P and S cross eastern Mongolia, due to very infrequent seismicities
and sparse stations. The negative residuals in green reflect fast wave speed in the uppermost mantle, while
the positive ones in red indicate low wave speed. The consistent negative residuals for P and S in the northern
region suggest very fast velocities. The rapid variations of residual characteristics in the central and southern
regions indicate the presence of strong velocity gradients in the shallow and deeper parts of the uppermost
mantle. Further, we note that there are slightly larger residuals for S waves than for P waves which we can take
into account with a joint interpretation of both P and S. The relative P and S residuals indicate the presence of
significant departures from the Vp∕Vs ratio for the ak135 model in the uppermost mantle (∼1.793).

3. Results

A qualitative assessment of the attainable resolution is provided by the path density displayed in Figure 2.
We can gain further insight with a formal resolution test in which synthetic data with the same configuration
of source-event pairs is inverted with the same parameters and procedures as the real data set. The synthetic
data are obtained using the background model overlaid with negative and positive checkerboard anomalies,
while the inversion starts just from the background model.

The resolution test results are illustrated in the supporting information. The recovered checkerboard patterns
for 2∘ × 2∘ anomalies at depths of 50 km and 60 km are shown in Figure S1 for both P and S along with
the results for Vp∕Vs derived from these tests. The resolution in regions of eastern Mongolia and a small part
of the South China Block centered at (108∘E, 24∘N) tends to be a little poor with attenuated amplitudes, due
to the limited number of available raypaths in these regions. The generally high resolution is assisted by both
the frequent earthquakes and the dense distributions of seismic stations in China.

Overall, we can expect to resolve features at 2∘ × 2∘ scale or better in most of the continental region. Higher
resolution of the uppermost mantle can be achieved in some localities due to the high density of permanent
stations, e.g., with an average interval of 30 km in the capital region of China [e.g., Huang and Zhao, 2009;
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Figure 3. Sections through the (a, b) Pn wave speed, the (c, d) Sn wave speed, and the (e, f ) Vp∕Vs ratio at depths of
50 km (Figures 3a, 3c, and 3e) and 60 km (Figures 3b, 3d, and 3f ).

Wang et al., 2013]. Although P and S velocities can be quite well resolved, imperfections in either wave speed
distribution impinge on the Vp∕Vs ratio. In consequence the Vp∕Vs results are more blurred than the individual
wave speeds.

The P and S inversions using FMTOMO achieve high levels of misfit reduction, 40% for Pn and 76% for Sn,
indicating the strong signal present in the somewhat noisier Sn data. The tighter picks for P are reflected in
slightly more localized wave speed gradients than for S. As a result when the Vp∕Vs ratio is calculated from the
inverted models, there will be some blurring of the edges of features, notably those with lower Vp∕Vs.

Figure 3 illustrates the velocity distributions for both P and S waves and the velocity ratio Vp∕Vs, extracted
from the inversion of the Pn and Sn travel times, at depths of 50 km and 60 km, with vertical sections shown
in Figure 4. We present the absolute P and S velocities with similar color palettes, but note that the velocity
span of 1 km/s represents a much stronger perturbation for S than P.

All the velocity sections (Figures 3a–3d) show low wave speeds for P and S in the oceanic regions, where
we have poor resolution so features originate from the initial model. The very slow P and S velocities in the
westernmost zone of the study region arise from the very thick crust in western China, so that crustal velocities
are crossed at these depths rather than those of the mantle.

At 50 km depth (Figure 3a), fast P velocities are clearly observed in the northern zones, with fast and slow P
velocities apparently distributed in a mosaic pattern. The slowest P velocities are located in the Trans-North
China Orogen, in the central part of the North China Craton. Slow P velocities are also observed at the southern
part of Tanlu Fault, separating the North China Craton and Yangtze Craton. Both the Ordos Basin and the
Sichuan Basin show fast P anomalies, which are the nuclei of the North China Craton and the Yangtze Craton.
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Figure 4. Vertical sections through the inverted (a) Pn wave speed and (b) Sn wave speed at longitude of 115∘. Separate
color schemes are used for the crust and the mantle to allow detail to be seen. (c) The corresponding Vp∕Vs ratio.

Similar features are found at a depth of 60 km for P waves (Figure 3b), but with consistently faster P velocities,
indicating a strong P velocity gradient in depth.

In general, the pattern of inverted S velocities (Figures 3c and 3d) is in a good agreement with the P velocities
at both depths of 50 km and 60 km. Though the velocity span of the S wave speeds is somewhat smaller
than P. The distributions of fast and slow S velocities in eastern China are a little more uniform than those for
the P velocities, which is due to greater sensitivity of P wave speed to composition than S wave speed [Kern,
1982]. The low S velocities at 50 km depth beneath the Trans-North China Orogen match well the tectonic
boundaries at the surface. At 50 km depth the Ordos basin is rather neatly identified with a distinct faster S
wave speed zone.

The Vp∕Vs ratios at depths of 50 km and 60 km shown in Figures 3e and 3f present much more complicated
characteristics than we see in the P and S velocity sections in Figures 3a–3d. The average Vp∕Vs ratio is 1.79
at 50 km depth, while it is 1.81 at 60 km depth. The background Vp∕Vs ratio is considered to be 1.8 in the
uppermost mantle beneath eastern China. A lower Vp∕Vs ratio at 50 km depth occupies most zones with good
resolution in the North China Craton and Yangtze Craton. The Vp∕Vs ratio at depth of 60 km is somewhat higher
than that at 50 km, which again illustrates the strong variations of P and S velocities in depth. In particular,
the Vp∕Vs ratio beneath eastern part of the North China Craton switches from low values at 50 km depth to
higher values at 60 km depth. We see a lowered Vp∕Vs ratio beneath the Ordos Basin and the Sichuan Basin
at both depths.

4. Discussion

We have started the inversion with an initial model built by regional extraction from global 3-D models for the
crust and upper mantle. The vertical sections along the longitude of 115∘E displayed in Figure 4 show that the
Moho depth in the initial model is slightly inconsistent with the inverted Pn and Sn velocities, but this does
not have deleterious effects on the FMTOMO inversion for the refracted phases. The inversion results indicate
that it should be possible to improve the 3-D CRUST1.0 model for this area.

Most studies of Vp∕Vs in China have concentrated on the crust using receiver functions [e.g., Gao and Li, 2014;
He et al., 2014] and the upper mantle using teleseismic tomography [e.g., Zhao et al., 2012].
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Rather few Vp∕Vs ratios for the uppermost mantle beneath China are reported. Though Pei et al. [2011] imaged
the Poisson’s ratio of the uppermost mantle beneath China by inverting the travel time differences between
Pn and Sn, assuming that P waves have the same raypaths as S waves.

In northeastern China, the regions around the two active volcanoes (Wudalianchi and Changbaishan,
Figure 1a) show a very distinct features with low P velocity, low S velocity, and a high Vp∕Vs ratio, particu-
larly at 60 km depth. This feature indicates partial melting in the uppermost mantle beneath the two zones.
A similar feature along the volcanic front beneath northeastern Japan was noted by Nakajima et al. [2001],
and this is also significant for individual volcanic zones in the uppermost mantle. The partial melting might
result from subduction-induced upwelling of material transported down to 660 km, which was revealed by
teleseismic tomography [e.g., Tang et al., 2014]. The variations in Vp∕Vs ratio come from the higher sensitivity
of S wave speed to temperature compared with the P wave speed [Anderson and Bass, 1984]. The high Pn and
Sn velocities beneath the Songliao Basin suggest the presence of dense mantle, consistent with gravitational
information [e.g., Suo et al., 2015] and locally cooling lithosphere rather than the mantle upwelling related to
active volcanoes [e.g., Tang et al., 2014].

In the northern part of the Ordos basin, a somewhat low Vp∕Vs ratio is observed with lowered P wave speed
and high S wave speed, which is a little difficult to interpret. The low Vp∕Vs ratio was also observed in images
from teleseismic body tomography [Zhao et al., 2012] that suggest a downward extent to depths larger than
300 km. Zhao et al. [2012] interpreted the feature to be related to low temperatures and a relatively depleted
geochemical composition. Consistent results from electromagnetic data demonstrate that a zone with low
resistivity can be tracked downward to 150 km [see Dong et al., 2014, Figure 5]. The zone of low resistivity
moves southward as depth increases, which is in good agreement with that we see in the Vp∕Vs ratio. They
interpreted the low resistivity might be associated with sulphides and hot upwelling materials resulted by
subduction of Paleo-Pacific Plate in Mesozoic. An alternative interpretation is that the low Vp∕Vs ratio is to be
attributed to Paleoproterozoic rifting events of the eastern part of NCC along its western edge [e.g., Zhao et al.,
2009; Li et al., 2010; Santosh, 2010; Kusky, 2011].

Asthenospheric upwelling of hot material in late Mesozoic beneath the northern part of Ordos Basin is sup-
ported by paleogeothermics. The heat flow achieved a peak of 80 mW/m2 in late Mesozoic and then reduced
to the current level [Ren et al., 2007; Dong et al., 2014], which was in the same period as the westward sub-
duction of Paleo-Pacific Plate. The low Vp∕Vs ratio might indicate a partial modification of the northern part
of Ordos Basin resulting from the subduction. Meanwhile, the same feature, low Pn velocities and low Vp∕Vs

ratio, has also been reported in the uppermost mantle beneath western United States from the inversion of Pn
and Sn travel time residuals [Buehler and Shearer, 2014]. They explained the feature as the flat subduction of
Farallon Plate. Earlier, the same phenomena were also observed in Chile and Argentina, which is due to highly
depleted, cold, Mg-rich compositions in cratonic lithosphere above the Chilean flat slab [Wagner et al., 2006].

A narrow belt with high P velocities, low S velocities, and high Vp∕Vs ratio is found beneath the North China
Craton and South China Block. The belt presents a strong contrast between the fast western part of South
China Block and the slower eastern part. We here resolve this feature very clearly in the uppermost mantle,
but it appears to have much deeper linkages revealed by teleseismic tomography. The belt corresponds to
that indicated as L3 in Figure 5g of Zhao et al. [2012] which extends downward from the uppermost mantle to
the mantle transition. Zhao et al. [2012] attribute the strong contrast to subduction of the Paleo-Pacific Plate
during Mesozoic and Cenozoic, leading to mantle convection and partial melting. Again, the abrupt pattern
changes at depth of 50 and 60 km suggest the strong gradient of physical properties in the uppermost mantle
in depth.

Although it is convenient to use the Vp∕Vs ratio as a summary property, the primary results are contained in
the P and S wave speed distributions. Blurring in the Vp∕Vs distribution or even misleading artifacts can arise
for slight differences in registration of the inverted P and S velocities.

5. Conclusions

Separate Pn and Sn tomography using the 3-D FMTOMO scheme has been performed to extract fine-scale
structures and lithological information on the uppermost mantle beneath eastern China and its surround-
ings. A larger variation of P wave speed is observed than for S wave speed. Low P and S wave speeds and high
Vp∕Vs ratio coincide quite well with two active volcanoes in northeastern China, as a result of partial melting.
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In the northern part of the Ordos Basin, a significant feature with low P velocities, high S velocities, and low
Vp∕Vs ratio appears to be linked to the asthenospheric upwelling hot material in late Mesozoic, which indi-
cates a partial modification of the zone. A narrow belt through the North China Craton and South China Block
shows a strong contrast in Vp∕Vs ratio with its surroundings. These characteristics may have arisen from man-
tle convection and partial melting associated with the subduction of Paleo-Pacific Plate. The rapid changes of
physical properties in the uppermost mantle appear to be linked to strong vertical heterogeneities at depth.
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