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Figure 22. Vertical transects running along the four profiles (A—A’, B-B/, C-C’, D-IY) identified in Fig. 21a. Crustal velocities are presented in km s~! and
mantle velocities are expressed as the perturbation to 4.4kms~! presented in percent. The locations of geological and tectonic features are identified above
each transect along with surface topography. Transects are vertically exaggerated but horizontal distances are equally scaled between them.

green dashed oval in Fig. 21¢) anomaly that encompasses both near
coastal areas of Northeast China, North Korea, and South Korea as
well as more seaward areas along the Ryukyu subduction zone and
the eastern periphery of the Sea of Japan. The ‘horseshoe shaped’
and ‘Y-shaped’ anomalies were discussed in some detail by Zheng
et al. (2011), but are now imaged more sharply due to the introduc-
tion of data from the Korean Seismic Network and the NECESS
array.

The low-velocity anomaly in the uppermost mantle beneath
northern Tibet has been interpreted as a remnant of a gravita-
tional instability that caused the foundering of unstable lithosphere
(England et al. 1988; Kosarev et al. 1999). The horseshoe shaped

anomaly has also been interpreted to result from the broadly hypoth-
esized delamination (or some similar process) of the lithosphere
beneath the North China craton by Zheng et al. (2011). Zheng et al.
(2011) interpret the Y-shaped anomaly are deriving from upwelling
fluids derived from the subducting slab beneath and adjacent to the
Sea of Japan. The recent P-wave tomography study of Tang et al.
(2014) images a similar anomaly in the mantle but interprets it as
a deep seated upwelling that penetrates through the slab from the
lower mantle. The lack of long-period surface wave measurements
in Tibet diminishes the quality of the 3-D model at depths greater
than 100 km, which calls for future refinements that incorporate
surface wave studies using earthquakes.

910z ‘T lequeides Uo sfeLes-g17 19S YieaH s9293 e /BIo'sfeuinolpioyxo1(6//:dny woy papeojumoq



976 W, Shen et al.

5.4 Vertical transects through the model

Upper mantle structure and perhaps to a lesser extent crustal struc-
ture can be seen in an illuminating way with vertical transects such
as those identified in Fig. 21(a) and presented in Fig. 22. Transect A—
A’ goes through Northeast China from the Greater Xing’an Range,
through the Songliao basin, passing beneath Changbaishan volcano,
and then through the southern Sea of Japan to terminate near Japan.
The uppermost mantle beneath the Great Xi’an Range and the west-
ern Songliao basin is fast, as is the shallow lithosphere beneath the
Sea of Japan. Beneath the Changbaishan the mantle is quite slow,
however, and upper-mantle low-velocity anomalies bracket the Sea
of Japan as part of the so-called “Y-shaped’ anomaly identified by
Zheng et al. (2011). The crust can be seen to thin sharply beneath
the Sea of Japan and slightly beneath the Songliao basin.

The other vertical transects shown in Fig. 22 are much longer than
transect A—A’. Transect B-B’ extends from Tibet, through the Ordos
block, passing beneath Datong volcano and the Yangshan Foldbelt,
and then through the Songliao basin to terminate in the Lesser Xi’an
Range east of the basin. The most prominent mantle anomalies are
the thick, high-velocity lithosphere that underlies the Ordos block
and the very low velocity anomaly that underlies Datong volcano.
The difference between the high-velocity upper mantle beneath
southern Tibet and the lower velocities beneath northern Tibet is
also apparent. This profile also captures the difference between
the fast western and slow eastern Songliao basin. Transect B-B’
also shows low-velocity middle crust in northern Tibet, very fast
lower crust beneath the Ordos, crustal thickening beneath Tibet and
thinning beneath the Songliao basin.

Transects C—C’ and D-D’ also start in Tibet on the West. C—C’
extends through the western Yangtze craton, including the Sichuan
basin, through the South China block, and terminates off the coast
in the South China Sea north of Taiwan. In Tibet, this transect goes
exclusive through the low-velocity uppermost mantle of Northern
Tibet. Low velocities in the mantle also underlie the South China
fold belt below 60 km depth, characteristic of thin lithosphere in this
region. Most prominently, however, are the high velocities beneath
the western Yangtze craton, which is the strongest mantle high-
velocity anomaly in the study region. Crustal features include the
mid-crustal low-velocity zone in Tibet, the thick sediments of the
Sichuan basin, and exceptionally high-velocity lower crust in the
western Yangtze craton. Transect D-D’ emerges from Tibet and
goes through the Qaidam basin, the Qilianshan block, the Ordos
block, and the northern reaches of the North China Plain, and then
extends through the Yellow Sea, the Korean Peninsula, and the
southernmost Sea of Japan before terminating near Japan. Several
of the features seen in this transect are mentioned for previously
discussed transects. In addition to the Ordos block, particularly
prominent features in this transect include thick sediments beneath
the Qaidam and North China basins, thin lithosphere beneath the
North China Plain, and the low-velocity anomalies that bracket the
Sea of Japan.

6 CONCLUSIONS

The purpose of this study is to produce a reference model for the
crust and uppermost mantle beneath the study region, which encom-
passes all of China and extends eastwards into the marginal seas,
through North and South Korea, to Japan. By ‘reference model’ we
mean a seismic model that is designed to be used by researchers
other than its authors. In our view, a reference model has three
necessary characteristics. (1) Uncertainties are estimated for the

model variables. (2) The data on which the model is based are avail-
able to other researchers. (3) The model itself and uncertainties are
available to other researchers. In addition, it is advantageous if the
reference model is based on a uniform quality control procedure ap-
plied to all observables and if prior constraints are clearly described
and also preferably broad.

Using data from more than 2000 seismic stations taken from
multiple networks arrayed across China (CEArray, China Array,
NECESS, PASSCAL, GSN) and surrounding regions (Korean Seis-
mic Network, F-Net, KNET) we perform ambient noise Rayleigh
wave tomography across the entire region of study and earthquake
tomography across parts of South China and Northeast China. The
same quality control procedures are applied to all ambient noise
data and all earthquake data. We produce isotropic Rayleigh wave
group and phase speed maps with uncertainties from 8 to 50 s pe-
riod across the entire region of study, which are extended to 70 s
period where earthquake tomography is performed. In producing
the isotropic maps, we also generate maps of azimuthal anisotropy
to reduce potential anisotropic bias. These isotropic maps and the
associated uncertainties are the basis for the 3-D model.

The 3-D model is produced using a Bayesian Monte Carlo for-
malism on a 0.5° x 0.5° grid across the study area. The starting
model for the inversion is compiled from the models described by
Yang et al. (2012) for Tibet, Zheng et al. (2011) for North/Northeast
China and environs, and Zhou et al. (2012) for South China and,
where they do not exist, from the global model of Shapiro &
Ritzwoller (2002). Because we seek to produce a model that will
be useful to other researchers, we intentionally keep prior bounds
on the model broad. Such uninformative priors result in posterior
distributions that more strongly reflect information in the data than
prior information, about which other researchers may differ from
us. The principal exception is that we attempt to fit the data with
a vertically smooth or simple model between interfaces at the base
of the sediments and crust. We acknowledge that the earth may
not be vertically smooth, but believe that inference of vertically
rough structures, such as the introduction of more crustal interfaces,
should be compelled by the data, particularly for a reference model.
The most stringent constraint that we impose is the crustal ‘mono-
tonicity constraint’, which ensures that Vs increases with depth in
the crust. Due to the crustal low-velocity zone in the Tibetan middle
crust (e.g. Shapiro & Ritzwoller 2002; Yang et al. 2012; Xie et al.
2013), our data cannot be fit in Tibet with this constraint; thus, we
release it west of 110°E longitude where surface elevation is higher
than 2000 m. Elsewhere in the study region the crustal monotonicity
constraint has been applied.

We define the final model as the mean and standard deviation
of the posterior distribution on a 0.5° x 0.5° grid from the surface
to 150 km depth. The mean model fits the dispersion data at about
one data standard deviation, on average, indicating that the model
is not systematically over or underparametrized relative to the size
of data uncertainties. Rayleigh wave dispersion, unfortunately, does
not constrain internal interfaces well. Because our model is based
on Rayleigh wave dispersion alone and prior information is broad,
sedimentary and crustal thicknesses and related variables are not
precisely determined: their posterior distributions encompass much
of their prior distributions. In contrast, shear wave speeds between
discontinuities in the crystalline crust and below the Moho in the
uppermost mantle are well determined and compose most of the
information content in our model. We follow Shen & Ritzwoller
(2016) and interpret the standard deviation of the posterior distri-
bution, referred to as model uncertainty here, as a measure of rela-
tive error. A better estimate for the absolute effect of random data
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errors would result from multiplying the standard deviation of the
posterior distribution by about 0.25.

The features that appear in the model display great variety and
considerable richness both in the crust and in the uppermost man-
tle. We highlight only five here. (1) The major sedimentary basins
dominate structures that we see in the uppermost crust, particularly
for the Songliao, Bohaiwan, Jianghan, Sichuan, Qaidam, and Tarim
basins. (2) An anomalously low-velocity channel appears in the mid-
dle crust of the Tibetan Plateau, in contrast to relatively fast middle
crust in eastern China. (3) The principal lower crustal anomalies
are exceptionally high velocities beneath the sedimentary basins,
most prominently beneath the Ordos Block. (4) Crustal thickness
varies from less than 15 km beneath the Sea of Japan to more than
60 km beneath the Tibetan Plateau, and the 40 km crustal thickness
boundary coincides approximately with the North-South Gravity
Lineament dividing continental China into two distinct zones. (5) In
the uppermost mantle, the most notable features are fast anomalies
beneath the Sichuan basin and the Ordos Block and slow anomalies
comprising the ‘horse-shoe’ shaped anomaly surrounding the North
China Plain and the ‘Y-shaped’ anomaly bracketing the Sea of Japan.
Relatively slow anomalies are observed beneath northern Tibet. The
slow anomalies are related either to delamination/gravitational in-
stability or the subduction of the Pacific Plate. Each of these features
deserves further detailed discussion, which is beyond the scope of
this paper.

We present the reference model as a basis for future research and
see it as representing a first iterate. It is designed to be used as a
basis for predicting waveform characteristics, such as surface and
body wave amplitudes and traveltimes, and with the right interpre-
tation to predict other kinds of data such as surface topography and
gravity (e.g. Levandowski ef al. 2014). Although the model reflects
the content of an exceptionally large data set of inter-station surface
wave dispersion measurements, the introduction of more and vari-
ous types of data will bring it into closer coincidence with the earth.
The joint inversions performed with receiver functions (Shen et al.
2013a,b; Deng et al. 2015) and Rayleigh wave ellipticity or H/V (Lin
etal. 2012, 2014) are natural candidates for future refinements. For
example, Deng et al. (2015) show that the joint inversion of the dis-
persion data we present here with receiver functions at a transect in
northern Tibet requires the introduction of internal interfaces within
the Tibetan middle crust as well as a double Moho, and reveals a step
in Moho north of the Kunlun fault. Kang et al. (2016) assimilates our
data and inverts them together with receiver functions and Rayleigh
wave H/V ratio measurements from the NECESS Array experiment
and observes an asymmetric Moho depth variation, thinning from
the west to the east, beneath the Songliao basin, attributed to recent
mantle upwelling beneath the Changbaishan Volcano. Both of these
studies are at regional scales, but they present important directions
for future refinements to this reference model. The assimilation
of Love wave measurements is another natural direction for future
research. In addition, the continued installation and movement of
China Array, in particular, promise a wealth of new information on
which to base future refinements and improvements to the reference
model at much higher resolution.
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