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SUMMARY

Continental China consists of a complex amalgamation of geotectonic units and has expe-
rienced strong and widespread tectonic deformation since the Mesozoic. To understand its
geological structure better, we conducted a systematic receiver function analysis using a total
of 83 509 teleseismic traces in the time period of 2009-2010 recorded by 798 broad-band
stations, among which 749 stations are permanent digital seismic stations from China Earth-
quake Networks Center and 49 stations were temporarily deployed in northern Central Tibet.
A standard H—« stacking method is employed to determine Moho depth and V,/V ratio un-
derneath each station from teleseismic receiver function analysis. The obtained Moho depth
variations are generally consistent with those determined from various deep seismic soundings
profiles. We combine our results with those from previous receiver functions studies to produce
a high-resolution map of Moho depth and V,/¥; variation for continental China. Compared to
previous studies, the new study concerns many more stations and the resulting Moho depth
map has much higher lateral resolution, especially in the eastern China. Overall, the Moho
depth variation has a remarkable correlation with major tectonic units in continental China.
For example, across the well-known gravity gradient line in east China, there is a clear shift in
Moho depths. In general, the map of V,/V; ratio shows relatively high anomalies underneath
Tibetan Plateau, along the gravity gradient line, and under several volcanoes.

Key words: Time-series analysis; Gravity anomalies and Earth structure; Broad-band seis-
mometers; Body waves; Computational seismology; Cratons.

1 INTRODUCTION

Continental China has experienced active tectonic activities since
the Mesozoic (Ren et al. 1997), including deep westward subduc-
tion of the Pacific plate (Fukao et al. 2001; Huang & Zhao 2006;
Li & Van der Hilst 2010), large-scale backarc extension in north-
east China, lithosphere removal of the north China craton (NCC;
Chen et al. 2008), reactivation of the Tan—Lu faults (Yin & Nie
1993), strong Mesozoic magmatism in south China (Li et al. 2009)
and rapid uplifting of Tibetan plateau (Yin & Harrison 2000). Lat-
eral variations of Moho discontinuity between the crust and upper
mantle are considered to document and retain the basic processes
in plate tectonic evolution (Meissner 1973; Anderson 2007). Moho
depth data thus provide first-order information for the restoration of
the complicated geodynamics (Prodehl & Mooney 2012).

There are two main categories of seismic methods to determine
Moho depths. One is known as deep seismic sounding (DSS), in

which active controlled sources are employed and reflection (or
refraction) signals are analysed to infer Moho depth and seismic
wave speeds (e.g. Meissner 1973; Prodehl & Mooney 2012). Li
et al. (2006) compiled a Moho depth map of continental China
solely from different DSS profiles. However, due to high cost and
complicated logistics of acquisition, most of DSS surveys are along
linear profiles and the Moho is not regularly sampled (Li et al. 2006;
Zhang et al. 2011; Prodehl & Mooney 2012). The second category,
which includes methods like receiver function (RF) analysis, relies
on passive seismic sources, which leads to simpler logistics and is
relatively inexpensive. RF analysis has become increasingly popular
(Langston 1977; Owens et al. 1984; Ammon 1991; Chevrot & Van
der Hilst 2000; Zhu & Kanamori 2000) and has been applied, for in-
stance, in northern and northeastern China (Chen et al. 2008; Liu &
Niu 2011; He et al. 2014; Wang et al. 2014), eastern Tibet (Xu
et al. 2007; Zhang et al. 2009; Pan & Niu 2011; Sun et al. 2012)
and southern China (He ef al. 2013) to map Moho depth variations,
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Figure 1. Map of station distribution for receiver function studies. The background topography is from GTOPO30 (http://www.webgis.com/terr_world_03.
html). Red circles denote 749 permanent stations; red squares are 49 temporal stations; blue triangles depict stations from previous receiver function analysis
(see Table S1); yellow triangles depict stations from Li ez al. (2014). The yellow square indicates a temporary broad-band station in Qiangtang, whose result is
shown in Fig. 2. Yellow circles denote nine permanent stations with station name shown in Fig. S1. Blue diamond denotes station SUDE with double interfaces

identified in receiver functions.

and, in some cases, Poisson’s ratios. Chen et al. (2010) endeavoured
to map the Moho depth of continental China by RFs, but only 48
permanent stations were used, and because of the limited sampling,
only large-scale structures were revealed. Li et al. (2014) presented
a new crustal thickness map of the continental China by compil-
ing more than 1900 estimates of crustal thickness from previous
RF studies. It is noted that RFs are sensitive to velocity contrast
across subsurface interfaces. Thus, the Moho from RFs may be dif-
ferent from other techniques, for instance, the virtual DSS method
(VDSS, Yu et al. 2012), which defines the Moho mainly by abso-
lute velocities, which has advantages when the crustal structure is
complicated.

In this paper, we systematically conducted RF analysis for 798
seismographs using teleseismic data recorded in the period of 2009—
2010 (Fig. 1). Subjecting data from an unprecedented number of
seismic stations to a consistent processing flow and combining our
results with those from other RF studies (especially in western
China), we are able to yield a unified and detailed map of Moho
depth and V},/V; ratio of continental China. Compared to previous
studies (e.g. Chen et al. 2010; Li et al. 2014), this is the first time to
use a consistent process flow for the RF analysis on a large amount
of seismic stations to obtain the Moho depth map of the continental
China. The new estimates of Moho depth and V},/V; ratio provide
important constraints on models of the crust-mantle evolution in
continental China (Li et al. 2006; Zhang et al. 2011).

2 DATA AND RF ANALYSIS

RF analysis is routinely applied to teleseismic data to constrain
seismic discontinuities in the crust and upper-mantle beneath seis-
mic stations (Langston 1977; Owens ef al. 1984; Ammon 1991;
Chevrot & Van der Hilst 2000; Zhu & Kanamori 2000). The ver-

tical component, considered to contain the source signature, is de-
convolved from horizontal components to get RFs. The RFs thus
produced emphasize the converted phases (P-to-S or S-to-P). In
this study, we focus on P-wave RFs, consisting of direct P wave and
its coda. In view of the trade-off between velocity and depth, H—«
analysis is performed to constrain Moho depth (Zhu & Kanamori
2000).

We collected three-component waveform data from 728 events
that occurred in 2009 and 2010 and which were recorded by
879 broad-band permanent stations in China Earthquake Networks
Center (CENC, Liu et al. 2008) as well as data from 506 events
recorded by 53 temporary stations in northern Central Tibet. The
epicentral distance varies between 30° and 95°, and the event magni-
tudes are 5.0 or greater. Niu & Li (2011) noted that many broad-band
stations in China had bad orientations and polarities for the period
of 2007-2008. These issues were corrected starting from 2009 and
thus do not cause troubles in our RF analysis.

Several standard pre-processing steps are applied to get RFs at
each station. First, horizontal components are rotated to radial and
transverse directions. Only radial components are used in this study.
Secondly, noisy and abnormal records including those with likely
bad instrument orientations and polarities were removed. About
156 800 traces out of more than 420 000 traces were kept for process-
ing because they had signal-to-noise ratio of 2.0 or higher. Thirdly,
the vertical component is deconvolved from the radial component,
and a Gaussian filter with a factor of 2.5 (maximum frequency
~1.2 Hz) was applied after deconvolution. Finally, we selected RFs
with clear direct P and converted phase at Moho (Ps), which resulted
in a total of 84 800 radial RFs for H—« analysis.

The ak135 continental model is used as the reference model for
the H—« analysis. We choose stacking weights of 0.4, 0.4 and 0.2
for phases Ps, PpPs and PpSs+PsPs, respectively, considering that
H—k analysis is mainly constrained by the first two. The optimal
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crust thickness (H) and V,/V ratio (k) are determined by search-
ing for the maximum objective function value in the H—« domain
through a grid search. The range of possible thicknesses (H) is
from 20 to 80 km and V,/V ratio is allowed to vary between 1.5
and 2.0. Finally, the depth to the Moho is given with respect to
the mean sea level.

3 RESULTS AND DISCUSSIONS

Fig. 2 shows an example of the RF analysis for a temporary seis-
mic station NQT30 located in Tibetan plateau. The converted Ps
phase and its crustal reverberation PpPs can be identified clearly
in the radial RFs (Fig. 2a). The H—« analysis gave a 62-km crustal
thickness (without station elevation correction) in north Qiangtang
(Fig. 1), which is in agreement with the INDEPTH-III DSS profile

directP

(Zhao et al. 2001). We also illustrate H—« analysis results for nine
stations (Fig. S1) that are located on the different geological units
in continental China shown in Fig. 1. For these nine stations, the
Moho depth is well constrained from H—« analysis. For details of
uncertainty and number of RFs for each station, we refer to Fig. S4.

As shown in Fig. 1, stations are more evenly and densely dis-
tributed in the eastern China (east of 95°E). To mitigate poor sam-
pling in western China (west of 95°E), we combine our results
(Fig. S2) with previous RFs studies (summarized in Table S1). The
Moho depth map of continental China (Fig. 3a) is then obtained by
interpolation from Moho depths on individual stations in Table S2,
after median averaging (Grochulski ez al. 1985) and 2-D spherical
Green’s function spline smoothing (Wessel & Bercovici 1998). For
data of Moho depth in continental China with 0.5° grids, we refer to
Table S3. We first compare our results with previous DSS studies.
Fig. S5 shows to the east of longitude 105°E the differences of Moho
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Figure 2. An example of receiver function analysis for station NQT30 in northern Tibet. (a) High-quality radial receiver functions. The backazimuths vary
from 101° to 250°. Solid circles and open circles mark the arrival times of Ps and PpPs conversions from the Moho, respectively. RAYP means ray parameter.
(b) The distribution of earthquakes (red dots) used in receiver function analysis in (a). (¢) H—« analysis of station NQT30. The black cross indicates the optimal
trade-off point between the crustal thickness and ¥,/ Vs ratio, which corresponds to the Moho depth of 62 km without elevation correction.
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Figure 3. Map of (a) Moho depths from this study, (b) Bouguer gravity anomalies (Ma 1989), and (c) V},/V ratios in China. Fault lines are from Gen, S.F.,
Institute of Geology, Chinese Academy of Geological Sciences (personal communications). HAG, THG and WLG indicate HingAnling, TaiHangshan and
WuLingshan gravity gradient belts in east China, respectively. cTP is a circum-Tibetan plateau gravity gradient belt. TLF denotes Tancheng—Lushan strike-slip
faults, YYR denotes Yanshan—Yinshan intraplate-orogenic ranges, ATF denotes Altyn Tagh strike-slip faults. SLB—Songliao Basin in Northeastern China,
ENCC—Eastern North China Craton, WNCC—Western North China Craton, SCB—Sichuan Basin, SCC—South China Continent, JB—Junggar Basin,
TB—Tarim Basin, TP—Tibetan plateau. Cross-sections of A1-B1, A2-B2 and C-D are shown in black lines in (a) and (b).
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Figure 3 (Continued.)

depth are within 5 km, but to the west of 105°E, the differences are
somewhat greater, varying from 5 to 10 km. Differences in Moho
depth in excess of 10 km are observed around the boundary of
northeastern Tibetan plateau, with steep topography and, possibly,
a 15-km vertical offset Moho (Li et al. 2006; Zhang et al. 2011).

We also compared our Moho depth map with that compiled by
Li et al. (2014) along the same DSS profiles in northern China
(Fig. S6). Note that we also used RF results on temporary broad-
band stations in northeastern China compiled by Li et al. (2014)
because of the sparse permanent seismic stations. The standard
deviation of the absolute differences between our derived Moho
depths and the DSS results in North China is 2.777 km, while it is
3.063 km for the Moho depth in North China by Li et al. (2014),
indicating overall our Moho depth map is more accurate. This is
mainly because we conducted the RF analysis using a consistent
process flow. Although Li et al. (2014) also adopted certain mea-
sures to assess and choose good-quality crustal thickness results
from previous studies, there is no guarantee that the RF analysis is
conducted in the same manner for different studies.

A remarkable variation of Moho depth (from 30 km to 80 km)
is observed across continental China (Fig. 3a). In general, vari-
ations in Moho depth are negatively correlated with surface to-
pography (Fig. 1) and positively with Bouguer gravity anomalies
(Fig. 3b). Two gravity gradient lines with —100 mGal offset are
marked as HingAnling—TaiHangshan—WuLingshan gravity gradi-
ent line (HAG-THG-WLG) in east China and a circum-Tibetan
plateau (cTP) gravity gradient belt (Fig. 3). The two belts gener-
ally divide Moho topography into three steps of terrace. Across
the HAG-THG-WLG, from east to west, the Moho depth varies
sharply from ~30 to ~40 km. Inside the Tibetan plateau, the aver-
age Moho depth is about 60 km. Moho topography clearly delineates
the boundaries of large-scale basins in China, such as Songliao basin
(SLB), Tarim basin (TB) and Sichuan basin (SCB).

110° 115° 120° 125° 130° 135°

In northern China, Bouguer gravity anomalies reveal that the
northeastern-striking HAG and THG are separated by the east—
west trending Yinshan—Yanshan Ranges (YYR; Fig. 3b), which are
considered as a Mesozoic intraplate orogeny (Wang et al. 2011).
However, the Moho depth map suggests that HAG links to THG
as the coherent Moho slope (Fig. 3a). In NCC, the Moho becomes
shallower from ~45 km in western NCC to ~30 km in eastern NCC,
separated by THG. Yu et al. (2012) found two interfaces near the
eastern margin of the western NCC using a denser seismic array, one
at ~45-km depth and the other at ~60-km depth. They interpreted
the deeper one as the Moho and the shallower one as the Conrad
discontinuity based on absolute velocities. DSS result around here
(Teng et al. 2010) also reported two interfaces at roughly same
depths as Yu et al. (2012); however, Teng et al. (2010) interpreted
the shallower one as the Moho. In the same study region as Yu
et al. (2012), we also found double interfaces in RFs from teleseis-
mic events at different azimuths (Fig. S1b). We pick the shallower
one as the Moho to be consistent with interpretations elsewhere,
but the difference does indicate the possibility that interpretations
can be ambiguous. Moreover, continuing Mesozoic and Cenozoic
activity on the Tan—Lu fault caused Moho depth changes, which is
well consistent with observations along a temporary seismic array
(Chen et al. 2008).

South of NCC, the Moho depth map shows that the Moho has an
evident offset of ~6 km from THG to WLG. The offset is associated
with the east Qinling—Dabieshan ultra-high pressure metamorphic
zone observed on the surface (Bader et al. 2013), which was caused
by northward subduction of the South China block beneath the NCC
in Triassic times (Dong et al. 2008). Beneath the WLG segment of
the South China block, the Moho depth varies at 5-10 km, and on
the surface, this segment correlates with the Xuefengshan uplifting
tectonic zone (Zhang et al. 2013). The consistency of our Moho
depth variations with major tectonic units is further illustrated in
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Figure 4. Cross-sections of topography, Bouguer gravity anomaly and Moho depth (shown at top, middle and bottom in each subplot, respectively) along

A1-B1, A2-B2 and C-D lines shown in Fig. 3(a).

three cross-sections (Fig. 4). In the cross-section through western
Tibetan Plateau, TB and Junggar Basin, Moho depth gradually de-
creases from ~80 to ~50 km around the boundary between Tibetan
Plateau and TB, stays nearly the same beneath TB and then becomes

deeper beneath Tienshan Mountain (Fig. 4a). For the cross-section
A2-B2, it shows that the Moho depth becomes shallower beneath
Qaidam Basin after passing central Tibetan Plateau, and then is
deeper again beneath Qilian Mountain (Fig. 4b). For the northwest—
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southeast cross-section C—D passing through Tibetan Plateau, SCB,
WLG and south China craton, the Moho depth generally correlates
with the topography (Fig. 4c). These three cross-sections also clearly
demonstrate that Moho depth variations generally correlate with
Bouguer gravity anomalies in that the greater gravity anomalies are
the deeper Moho (Fig. 4). The remarkable coincidence between the
surface structure and the sharp change of the Moho depth indicates
that the Moho of a continent with a stable lithosphere, indeed, could
record and preserve tectonic evolution information (Meissner 1973).
However, Moho with an average of 30 km in southeast China
suffered from intrusion of wide-spread magmatism since Meso-
zoic times (Li et al. 2009), which may affect the current Moho
topography.

In this study, the V,/V; ratios are determined through the
H-« analysis of RFs by assuming a constant crustal 7}, model of
6.3km s~!. Therefore, the map of V,/V; ratio (Fig. 3¢) only rep-
resents the average value beneath each station. Nonetheless, V,,/Vs
variations still correlate with some major tectonic features in con-
tinental China. For example, some volcanoes such as Wudalianchi
volcano, Changbaishan volcano and Tengchong volcano are asso-
ciated with high V,/V; anomalies. Tomographic studies have shown
that beneath these volcanoes, there exist low velocity anomalies,
likely caused by partial melting (Lei et al. 2013), which would cor-
respond to high V,,/V; anomalies as found in this study. Overall, the
Tibetan Plateau is associated with high V,/V; anomalies, consis-
tent with the likely existence of thermal flow zone within the crust
from seismic anisotropy (Shapiro et al. 2004), and low Vs anomalies
identified in ambient noise tomographic results (Yang et al. 2010;
Yao et al. 2010). In East China, high V,,/V anomalies could be re-
sulted from magmatism (Zhao et al. 2011), such as volcano eruption
and granite intrusion. It is also noted that the gravity gradient line
HAG-THG-WLG is associated with high V,,/V; anomalies.

4 CONCLUSIONS

By combining a systematic RF analysis for 798 stations with previ-
ously reported measurements, we obtained an unprecedented high-
resolution crustal thickness map of continental China. The Moho
depth map from our study is generally consistent with local DSS
results but has a better spatial coverage. Overall, the Moho topog-
raphy in continental China correlates positively with the Bouguer
gravity anomaly map and negatively with surface topography. The
two areas associated with sharp changes in Moho depth correspond
well with the gravity gradient belts, delineating three steps of terrace
in Moho topography from ~30 to ~40 km to 50-60 km in depth.
In addition, the map of average crustal V,/V; variation obtained
from RF analysis also correlates well with some tectonic features.
Overall, the map of Moho depth and V,,/V; variation obtained in this
study is useful for better understanding the crust-mantle evolution
in continental China.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. H—« stacking results for nine permanent stations
(a) and receiver functions at station SUDE from teleseismic events
at different azimuths (b). Station locations are shown as yellow cir-
clesin Fig. 1. The optimal solution for the grid search is indicated by
a black circle. The top three stations of SNY, LBG and NDZW are
located in East China. The middle three stations of ALT, YCI and
LBT are located in Northwestern and Middle China, which clearly
show the Moho depth change from 50 to 35 km. The bottom three
stations of LJS, AXI and LAC are located in eastern margin of the
circum-Tibetan gravity gradient line.

Figure S2. Map of Moho depth obtained from 749 permanent
stations and 49 temporary stations from this study. Crosses mark
the locations of 798 stations as controlled points for interpolation.
Major tectonic lines are shown in white.

Figure S3. Map of 960 V,/V; control points for interpolation from
this study and other studies. Crosses mark the locations of 798
stations from this study and circles denote 162 V,/V; values from
other studies (Chang & Baag 2007; Xu et al. 2007, 2013; Zhang
et al. 2009; Wang et al. 2010; Lei et al. 2013; Nguyen et al. 2013).
Major tectonic lines are shown in grey.

Figure S4. Distribution of standard deviation of Moho depth and
the number of receiver functions for stations used in this study.
Circle colour denotes standard deviation of Moho depth from H—«
stacking. Green, yellow and red denote the standard deviations less
than 1.2 km, between 1.2 and 2.0 km and over 2.0 km, respectively.
Circle size denotes the number of receiver functions selected for
analysis on each station. There are 190 stations with fewer than
50 receiver functions analysed, 227 stations with 50-110 receiver
functions analysed and 381 stations with over 110 receiver functions
analysed, respectively.

Figure S5. Comparison of Moho depths along the DSS profiles with
our receiver function analysis results. Green, yellow, red and black
indicate the Moho depth differences less than 3 km, between 3 and
5 km, between 5 and 10 km and over 10 km, respectively.

Figure S6. Comparison of Moho depths along the DSS profiles in
northern China for (a) our receiver function analysis results and
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(b) those of Li et al. (2014). Blue squares indicate broad-band
seismic stations with Moho depths available. Green, yellow, red and
black indicate the Moho depth differences less than 3 km, between
3 and 5 km, between 5 and 10 km and over 10 km, respectively.
Table S1. Data sources for Moho depths used for interpolation.
Table S2. Data set of Moho depth and V,/V; ratio of each station
in continental China obtained from this study. The first column is
latitude, the second is longitude, the third is Moho depth (km) and
the last is V},/V; ratio.

Table S3. Data set of Moho depth with 0.5° x 0.5° grids of
continental China obtained from this study. The first column is

longitude, the second is latitude and the last is Moho depth (km)
with respect to the sea level. NaN means null value for Moho
depth (http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
ggu365/-/DC1).
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