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ARTICLE INFO ABSTRACT

Keywords: We present a Pn wave velocity and anisotropy model of the central segment of the North-South Seismic Belt in
Pn wave China, where there are numerous stable basins and active faults, making this segment attractive for extensive
Velocity heterogeneity studies. The model was obtained by a tomographic analysis of 49,973 Pn wave phase readings collected by the
Anisotropy

China Earthquake Networks Center and temporary stations in Yunnan and Sichuan. The tomographic velocity
model shows that the average Pn wave velocity is 8.06 km/s; prominent high-velocity (high-V) anomalies are
visible under the Sichuan Basin, the Zoige Basin and the Ordos block, which clearly outline their tectonic
margins. A pronounced low-velocity (low-V) zone is observed from the Songpan-Ganzi block to the Chuan-Dian
and Daliangshan blocks, suggesting the presence of hot material upwelling. The station delay data show a
gradual variation from negative to positive values, possibly reflecting a crustal thickness variation from the
southwest to the northeast of the study area. A correlation between the Pn wave anisotropy and the distribution
of velocity anomalies is observed: anisotropy is relatively weaker in the high-V anomaly zones beneath stable
basins, while it is stronger in the low-V anomaly zones and the high-to-low-V anomaly transition zones. The
high-resolution velocity and anisotropy tomographic model that we obtained could also provide a better un-
derstanding of the study area seismicity, since the occurrence of strong earthquakes seems to be related to the
presence and strength of lateral heterogeneities at the uppermost mantle level.

Uppermost mantle
Central segment of the North-South Seismic
Belt

1. Introduction et al., 1993; Yang et al., 2011; Feng et al., 2016), seismic tomography
(Lei and Zhou, 2002; Wang et al., 2003a; Wu et al., 2006; Ma et al.,
2008; Lei et al., 2009; Guo et al.,2009; Bai et al., 2011; Lei and Zhao,

2016), SKS splitting (Chen et al., 1990; Chang et al., 2006, 2008; Shi

The central segment of the North-South Seismic Belt in China is
tectonically important as it marks the transition from the Tibetan

Plateau to the west and the Yangtze Block to the east (Fig. 1). In this
segment there are stable basins, such as the Sichuan and Ordos basins,
and active faults, including the Longmenshan, Xianshui River and An-
ninghe-Xiaojiang faults. The North-South Seismic Belt is one of the most
intense seismic zones in China (Zhang, 2008), where many large
seismic events occurred in both historic and present-day times, such as
the 1654 Lixian (Ms 8.0), 1879 Wenxian (Ms 8.0), 2008 Wenchuan (Ms
8.0), 2013 Lushan (Ms 7.0) and 2017 Jiuzhaigou (Ms 7.0) earthquakes.
Therefore, this region has become a key area attracting numerous
geoscientists to carry out investigations using various methodological
approaches, such as deep seismic sounding (Kan and Lin, 1986; Lin
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et al., 2013), Receiver Function analyses (Xu et al., 2007; Li et al., 2009;
He et al., 2014; Wen et al., 2018), and surface GPS observations (Wang
et al., 2008, 2009; Zhang et al., 2010; Yang et al., 2013).

In general, Pn phase tomography can achieve a denser ray coverage,
thus with a better resolution and accuracy, when compared to seismic
analyses that utilize other phases interacting with the uppermost
mantle (e.g., Ding et al., 1992; Lei et al., 2014; Gu et al., 2016). Unlike
SKS data analysis, which can estimate the vertically integrated aniso-
tropy of the mantle (Hearn, 1996), Pn anisotropy tomography can more
precisely reveal the nature of lateral heterogeneities and anisotropy
within a limited depth range of the uppermost mantle (Lei et al., 2014;
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Fig. 1. Map of the study area showing its regional tectonics and the large earthquakes occurred therein. The black lines denote major tectonic features: WQLFZ,
Western Qinling fold zone; EKL, Eastern Kunlun fault; LRB, Longriba fault; LMS, Longmenshan fault; XSR, Xianshui River fault; LQS, Longquanshan fault; HYS,
Huayingshan fault; XJR, Xiaojin River fault; AZR, Anning-Zemu River fault; JSR, Jinsha River fault; SGB, Songpan-Ganzi block; CDB, Chuan-Dian block; DLSB,
Daliangshan block; DBS, Dabashan arcuate tectonic zone; PX, Pan-Xi region. White circles denote the epicenters of the earthquakes, with magnitude larger than 6.0,
occurred till 2008; yellow circles denote the epicenters of the earthquakes, with magnitude larger than 5.0, occurred after 12 may 2008; the size of the circles is
proportional to the earthquake magnitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Zhou and Lei, 2016). In recent years, many researchers have turned
their attention to the velocity and anisotropy structure of the uppermost
mantle under the study area (Wang et al., 2003b; Pei et al., 2003;
Huang et al., 2003; Liang and Song, 2006; Xu et al., 2010; Li et al.,
2011; Li and Lei, 2012; Wang et al., 2013a; Lei et al., 2014; Zhou and
Lei, 2016), inferring significant results. Although these results show
some similarities in the velocity anomalies and anisotropy patterns,
they still show discrepancies in details that may be partly due to the
different Pn data sets used. For example, there are significant differ-
ences between the Pn wave anisotropic fast wave direction near the
Longmenshan fault given by Xu et al. (2010) and those reported by
Huang et al. (2003), Li et al. (2011), and Li and Lei (2012). In addition,
due to the limited spatial distribution of the seismic stations and the
relatively shorter time period of observational data, the final spatial
resolutions of the related models are different. For example, Hearn et al.
(2004) achieved a 2° x 2° Pn resolution in the velocity distribution in
mainland China, while the results of Liang and Song (2006) and Wang
et al. (2003b) featured resolutions of 2.5° x 2.5° and 3° X 3°, respec-
tively. Pei et al. (2007) resolved 3° x 3° cells for Pn velocity; Lei et al.
(2014) improved the Pn velocity and anisotropy resolutions, achieving
a flexible cell size of 1° x 1° in most of their study areas.

In the present study we combine the Pn arrival time data from the
observation bulletins of (a) Seismological Report of Chinese Seismic
Stations collected from 1996 to 2008, (b) the Observatory Bulletin of
China Digital Seismic Network acquired from 2008 to 2018 and (c)
temporary seismic stations, in order to obtain a high-resolution aniso-
tropic tomographic model; such a model can provide a better under-
standing of the deep tectonic environment in the study area and, thus,
also a key to study the strong earthquakes produced therein.

2. Data and method
2.1. Observation data

We study the region enclosed by the polygon with geographical
coordinates of 98-109°E longitude, 26-37°N latitude (Fig. 1). The data
were selected in a larger region obtained extending the above range by
3° outward on all sides (Fig. 2). The data set used in this study is re-
presented by the Pn arrival times obtained from the recordings col-
lected by (a) Seismological Report of Chinese Seismic Stations from
1996 to 2008, (b) Observatory Bulletin of China Digital Seismic Net-
work from 2008 to 2018, (c) 47 temporary seismic stations from the
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Fig. 2. Geographical distribution of the seismic stations (red triangles), earth-
quake hypocenters (white circles) and Pn ray paths (blue lines) considered in
this study. The gray lines represent the boundary of the study area. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Yunnan regional seismic network from 2013 to 2015, (d) 30 temporary
seismic stations from the Sichuan regional seismic network, and (e) 4
temporary stations installed after the 2017 Jiuzhaigou earthquake.

The following criteria were used to select the Pn data: (1) the epi-
central distance is between 2.0° and 15.0° (2) the focal depth is shal-
lower than 41 km; (3) each event has at least 4 recordings and each
station records more than 4 events; (4) the travel time residuals are
within + 4.5s. The travel time residuals were calculated by subtracting
the theoretical values from the observed ones; the theoretical travel
times were calculated adopting a mean crust velocity, uppermost
mantle velocity and crust thickness of 6.30 km/s, 8.06 km/s and 41 km,
respectively. As a result, we obtained 49,973 Pn arrival times from
4405 events recorded by 358 seismic stations whose ray paths are
plotted in Fig. 2.
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2.2. Method

In this study we adopt the method of Pn anisotropic tomographic
technique of Hearn (1996), using Pn travel time residuals to invert for
the velocity variations and anisotropy in the uppermost mantle, which
is briefly summarized below.

The ray path of the Pn phase can be divided into source, mantle and
receiver paths. The source and receiver paths are assumed pertinent to
the crust, and their travel times are related to the thickness and velocity
of the crust and to the focal depth of the source; the mantle path is
assumed to be confined to the uppermost mantle, whose velocity var-
iations, discretized into a set of cells (0.25° x 0.25°, in our case), in-
fluence its travel time.

Assuming that Pn velocity is the sum of an average value and a
spatially varying perturbation term, the perturbation at any point in
space consists of an isotropic component and a certain anisotropic
variation. The Pn travel time residual, t; for the j-th event recorded by
the i-th station, can be expressed by the following travel time equation:

tj=a; + b + Z diji (si + Akcos2g + Bysin2e)

where @ is the back azimuth angle from event to station, g; is the static
delay of the i-th station, b is the static delay of the j-th event, d;; is the
ray length from the j-th event passing through the k-th cell to the i-th
station, sy is the slowness (i.e., reciprocal of velocity) perturbation for
the k-th cell, and Ay and B are the anisotropic coefficients for the k-th
cell. The magnitude of the anisotropy for cell k is given by \/A? + BZ,
whereas the fast direction of Pn propagation is given by 1/2arctan(B,/
Ap)+90" (Pei et al., 2007). The travel time equations involving the un-
knowns a;, bj, s, Ax and By construct a linear system, which is solved by
means of a regularized least squares with a preconditioned version of
the LSQR algorithm.

In order to select an optimal pair of damping parameters for the
velocity and anisotropy inversion, a number of tests were made by
changing their values to form the L-shaped curves (Boschi et al., 2006).
The damping parameter is determined at the maximal curvature of the
L-shaped curve (Boschi et al., 2006) of Root-Mean-Square (RMS) of
travel time residuals versus RMS of velocity perturbation (Fig. 3a).
Then, the selected velocity damping factor is fixed and different ani-
sotropic damping factors are utilized to perform the inversion: the op-
timal value is the one corresponding to the intersection of the trade-off
curves between the RMS of velocity and anisotropy perturbations. In
our case, the test results provided a value of 100 and 430 as damping
factors for velocity and anisotropy, respectively, with a number of
iterations equal to 60.

3. Inversion results

The lateral variation and azimuthal anisotropy of Pn wave velocity
in the uppermost mantle in the central segment of the South-North

Fig. 3. (a) Trade-off (or L-shaped) curves for
RMS (Root-Mean-Square) of travel time re-
siduals versus RMS of velocity perturbation.
(b) RMS_Vel/RMS_Ani, the ratio of RMS of
velocity perturbations to RMS of anisotropy
variations, and RMS_Ani/RMS_Ve, the ratio
of RMS of anisotropy variations to RMS of
velocity perturbations, are plotted versus
anisotropy damping.
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Fig. 4. Distribution of travel time residuals (in s) versus distance (in km). (a) Initial, relative to an average apparent velocity of 8 km/s; (b) before inversion; (c) after

inversion.

Seismic Belt were obtained using the method of Pn anisotropic tomo-
graphic technique of Hearn (1996), as summarized in Section 2.2. The
distribution of travel time residuals initially obtained from our com-
bined data set and relative to an average apparent velocity of 8 km/s
(Fig. 4a) is shown in Fig. 4b and c, before and after the inversion, re-
spectively; their standard deviation decreases from 1.77s to 0.68s,
clearly indicating their convergence after the inversion process.

3.1. Resolution

In order to estimate the effects of the ray coverage on the spatial
resolution reachable by our tomographic model and evaluate the re-
liability of the results, a series of checkerboard tests were applied. A
checkerboard test for the Pn velocity model was created by assigning
tessellated velocity anomalies with amplitude of = 0.3 km/s to the re-
ference values of the cells belonging to the considered domain.
Synthetic arrival times were calculated for the test model using the
same numbers of events, stations, and ray paths as those used for the
tomographic inversion of the real data; these synthetic arrival times
were then inverted for velocity using the same algorithm adopted for
the inversion of real data (Pei, 2002). Then, the spatial resolution is
considered to be acceptable for the region in which the checkerboard
pattern is recovered. In Fig. 5a and b we display the results of the Pn
velocity checkerboard tests: in most of the study areas the spatial re-
solution reaches 1° x 1° (Fig. 5a), and in some of the central areas the
resolution even reaches 0.5° x 0.5° (Fig. 5b). In Fig. 5¢c we display the
results of the Pn anisotropy checkerboard test, showing that the spatial
resolution reaches only 1° X 1° in most of the considered areas. This
poorer, compared to velocity results, resolution can be explained by the
fact that the inversion process involves two more parameters (i.e. Ay
and By) given the same number of ray paths.

In general, the inversion results obtained in this work are consistent
with those from previous Pn wave tomography studies (Wang et al.,
2003b; Pei et al., 2003; Huang et al., 2003; Liang and Song, 2006; Xu
et al., 2010; Li et al., 2011; Li and Lei, 2012; Wang et al., 2013a; Lei

et al., 2014), also showing a significant improvement in terms of Pn
velocity resolution. Based on these results, in the next Sections we
discuss in some more detail the Pn wave velocity structure and aniso-
tropy in the uppermost mantle in the central segment of the North-
South Seismic Belt (with the exception of adjacent areas), trying also to
analyse some deep structural characteristics in this area.

3.2. Pn wave velocity structure of the uppermost mantle

Fig. 6 shows our results for the Pn velocity variations in the up-
permost mantle throughout the study area, with perturbations ranging
from —0.51 km/s to +0.50 km/s respect to the mean value of 8.06 km/
s, evidencing that some lateral heterogeneities are related to surface
geological structures and to tectonic features. Both the old and stable
Sichuan Basin and the Ordos block show prominent high-velocity (high-
V) anomalies, while some weaker high-V anomalies exist around the
Zoige Basin and under the western Chuan-Dian block and West Qinling
fold zone. A nearly N-S low-velocity (low-V) anomaly zone extends
from the Songpan-Ganzi block, where, between the Longmenshan fault
and the Longriba fault, velocities can reach a low value of 7.5 km/s, to
the Chuan-Dian and Daliangshan blocks. Some small-scale low-V
anomalies are visible around the Daba Mountains, the Qilian block and
the area on the West of the Zoige Basin.

3.3. Pn wave anisotropy

Fig. 7 shows our results for the Pn anisotropy model, where the
lengths of the lines indicate the anisotropy strength and their orienta-
tions indicate the fast wave direction that is presumably related to
surface structural features. In the Qilian-Qinling fold zone the fast di-
rection of Pn propagation generally varies from EW to SE; it is oriented
mainly NW in the Bayan Har block to the west of 99°E, while further
eastward it becomes nearly NS to the west of Zoige Basin and then NW;
in the Songpan-Ganzi block, on the eastern side of the Longriba fault, it
is NE-oriented being parallel to the strike of the Longmenshan fault.
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Fig. 5. Checkerboard tests for Pn velocity, with a resolution of 1° X 1° (a) and 0.5° x 0.5° (b), and Pn anisotropy, with a resolution of 1° X 1° (c).

From the western margin of the Chuan-Dian block to 100°E, the fast
wave direction is nearly EW; to the east, on the northern side of the
Panxi area, the direction is NW, while on the western side of the Panxi
area the direction is NS. The Sichuan Basin can be divided into three
parts: the fast wave direction is NE in western, EW in central and NS in
eastern parts, respectively. In general, the fast directions are generally
tangential to the basin margins, along their northern and eastern sides.

3.4. Station delays

The station delays (ranging from —0.7 s to +1.5s) estimated at the
stations considered in this study (from a total of 358 delay data) are
shown in Fig. 8. They mainly reflect the variations of crustal velocity
and thickness below the locations of the stations: for example, when the
mean crustal P wave velocity is 6.3km/s a station delay of 1.0s cor-
responds to a crustal thickness variation of 10.2 km; when the crustal
thickness is 50 km a station delay of 1.0 s corresponds to a crustal ve-
locity variation of 0.5km/s. Considering that the average crustal ve-
locity varies slightly in China, i.e. between 6.2 and 6.5 km/s according
to Li and Mooney (1998), if the station delay is larger than 1.0s it
mainly reflects a crustal thickness variation. The average crustal
thickness of the study area is 41 km and, based on an adjustment by the
delay time of each station multiplied by 10.2, the crustal thickness in
the study area varies from 33 km to 56 km. As shown in Fig. 8, most of
them (with a few exceptions) show a gradual increase in crustal
thickness from East to West and from South to North, reflecting the
effect of the obstruction of eastward material flow beneath the Qinghai-
Tibet Plateau by the rigid Sichuan Basin (Royden et al., 1997;

Beaumont et al., 2001; Godin et al., 2006; Cao et al., 2009; Yang and
Liu, 2009; Zhang et al., 2014).

In order to verify the reliability of our estimates of the crustal
thickness beneath the considered stations, our results were compared
with those available from previous studies covering the study area and
obtained with complementary methodologies. In particular, con-
sidering the Receiver Function (RF) method, Lou et al. (2008), Li et al.
(2009), Yao et al. (2014) and Zhang et al. (2015a) report the crustal
thickness for the Longmenshan fault zone, the Yunnan Province and its
neighbouring areas, the West Qinling orogenic belt and the eastern
boundary of the Chuan-Dian block, respectively.

The crustal thickness beneath the stations in common between our
and the previous mentioned RF studies (for a total of 148 stations) is
analysed: the discrepancies in the crustal thickness are less than 5 km in
the 77% of the cases (i.e., for 114 stations), and less than 10 km in the
95.3% of the cases (i.e., for 141 stations), showing a very good mutual
agreement. In addition, the crustal thickness contour lines obtained by
Teng et al. (2013), who used the deep seismic sounding technique,
reveal another mutual agreement between findings obtained from
complementary approaches (Fig. 8).

4. Discussion
4.1. Comparison with recent Pn tomographic models
Recently, some Pn tomography models were performed in the

North-South Seismic Belt and its adjacent areas. Hearn et al. (2004)
achieved a 2° x 2° Pn velocity distribution in mainland China, and the
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this article.)

results of Liang and Song (2006) and Wang et al. (2003b) featured
resolutions of 2.5° x 2.5° and 3° x 3°, respectively. Pei et al. (2007)
resolved 3° x 3° cells for Pn velocity and 4° x 4° cells for anisotropy.
Lei et al. (2014) improved the Pn velocity and anisotropy resolutions,
achieving a flexible cell size of 1° x 1° in most of their study areas.
Compared to these previous studies, we have added new seismic cata-
logue and phase data, including events relocated using a regional three-
dimensional velocity structure, and calculated the Pn velocity with a
cell size of 0.5° X 0.5° (Fig. 5) in the Sichuan Basin and its adjacent
areas. Recent studies have shown that there is a prominent high-V zone
in the Sichuan Basin and, in addition to this stable basin, relatively high
velocities are also observed along its margin (Hearn et al., 2004; Liang
and Song, 2006; Pei et al., 2007). Lei et al. (2014) presented a model
with a clear outline of the Sichuan Basin with a high-V anomaly and a
pronounced low-V zone from the Songpan-Ganzi block to the Chuan-
Dian block. In our detailed model, the velocities reveal differences in
the western, central and eastern portions of the Sichuan Basin. Con-
cerning the anisotropy features, the Pn fast direction has not been
clearly revealed in the central segment of North-South Seismic Belt by
previous models (Liang and Song, 2006; Wang et al., 2003b). Hearn

et al. (2004) have not provided the Pn anisotropy, while the fast di-
rection is approximately E-W in the Sichuan Basin (Pei et al., 2007). In
our model, the Pn fast direction pattern (see Fig. 8), is consistent with
the configuration of the main tectonic blocks.

4.2. Pn velocity variation

Velocity variations in the uppermost mantle can be the effect of
changes in temperature, pressure, composition, anisotropy, water pre-
sence and volatile content. Among these possible factors, temperature is
the most important one, with compositional variations due to presence
of water as the possible secondary one (Hearn, 1984, 1996; Hearn et al.,
2004). Stable blocks, such as the Sichuan Basin and the Ordos block,
show high-V anomalies in the uppermost mantle (Fig. 6), which are
consistent with the results of previous studies (Huang et al., 2003; Li
et al., 2011; Li and Lei, 2012; Liang and Song, 2006; Xu et al., 2010;
Wang et al., 2013a). In addition, our results show stronger high-V
anomalies under the basins, with their shapes much better coupled with
these tectonic margins.

Although most parts of the Sichuan Basin are characterized by a
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high-V anomaly, a relatively low-V zone is observed in the center of the
basin (Fig. 6). Guo et al. (1996) propose that the Longquanshan and
Huayingshan faults divide the Sichuan Basin into three parts: western,
central and eastern Sichuan Basin. Asthenospheric upwelling occurs in
central Sichuan due to isostatic gravitational processes, resulting in a
high mantle heat flow of 35.73 mW/m? in this region where the tem-
perature at the Moho is 863 °C (Guo et al., 1996); these values are much
higher than those in the eastern and western Sichuan regions. Geo-
thermal heat flow, reflecting the thermal state and structure of the li-
thosphere, may have an intrinsic relationship with Pn wave velocity
(Huang and Wang, 1992); thus, high heat flow values may explain why
the velocity in the uplifted area of central Sichuan is lower than the
velocities in adjacent regions. High-V anomalies under Zoige Basin are
detected in the present study, a feature that is supported also by deep
seismic soundings (Jia et al., 2009); in addition, an investigation of
magnetotelluric imaging (Wang et al., 2013b) shows a large number of
high-resistivity blocks from the lower crust to the uppermost mantle
beneath this basin. These evidences and the earthquake distribution
within the Zoige Basin, where no large historical earthquakes have

occurred, indicate that this area is relatively stable.

A nearly NS low-V anomaly zone extends from the Songpan-Ganzi
block, along the Xiaojinhe fault, to the Chuan-Dian and the Daliangshan
blocks (Fig. 6). At a depth of 40 km, a low-V zone is observed in the
lower crust from the Songpan-Ganzi block to the Longmenshan fault
(Liu et al., 2018). The tectonic activity is intense in this area, which
separates the Qinghai-Tibet Plateau and the Yangtze Platform. Thermal
upwelling in the mantle may exist beneath this area, and this hypothesis
is consistent with previous research results (Huang et al., 2003; Liang
and Song, 2006; Xu et al., 2010; Li et al., 2011; Li and Lei, 2012; Wang
et al., 2013a; Lii et al., 2017). The deep seismic soundings deployed by
Wang et al. (2003a) from Batang to Zizhong show that the average Pn
wave velocity in this region is 7.7-7.8 km/s. Our study obtains con-
sistent results along this profile, providing more details about velocity
structure that are also supported by magnetotelluric imaging (Zhang
et al., 2012).

A weak high-V zone is revealed in the Panxi area between Xichang
and Panzhihua, and the velocity therein is close to the average velocity
(8.06 km/s) of the study area. A geomagnetic study (Ren and Yan,
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1987) demonstrated that the Panxi area displays an isolated positive
anomaly surrounded by a negative anomaly. From a conductivity per-
spective, thick high-resistivity bodies are distributed throughout the
area; the surface geology indicates that these high-resistivity bodies
may reflect basic to basic-ultrabasic magmatic complex and deep me-
tamorphic granulite (Zhang et al., 2015b). According to the distribution
of historical seismicity (Fig. 6), no earthquakes with magnitudes larger
than 6 have occurred in this region. Overall, the Panxi area is stable and
features a high resistivity and a high velocity: it may be the place of a
channel of ancient upwelling magma that subsequently cooled.

4.3. Pn anisotropy

The uppermost mantle anisotropy is generally accepted to be asso-
ciated with the preferred alignment of olivine crystals due to creep of
material in the uppermost mantle, which reflects the trace of the past
tectonic deformation (Silver and Chan, 1988, 1991; Hearn, 1996).
Therefore, it is of great significance to obtain a reliable uppermost
mantle anisotropy image for a better understanding of the plate de-
formation. For stable continental areas, anisotropy is considered to
represent “fossil” anisotropy imprinted within the lithosphere by the
most recent large-scale tectonic activity in the area; for continental
regions characterized by active tectonism, the anisotropy reflects this
ongoing process (Chang et al., 2008). Therefore, this study analyses the

anisotropic characteristics of the study area while incorporating surface
GPS observations (purple arrows in Fig. 7) and SKS splitting (yellow
lines in Fig. 7).

4.3.1. Qilian block

The fast direction of Pn propagation in the uppermost mantle along
the northern margin of the western Qinling fold zone is mainly EW
(Fig. 7) and it reorients to the NW on the western side of the Ordos
block; these results are similar to those obtained by Lei et al. (2014),
being generally consistent with SKS splitting results (Chang et al., 2016)
and surface GPS observations (Gan et al., 2007). Considering the
counterclockwise rotation of the Ordos block and the associated left-
lateral strike-slip faults (Zhang et al., 1998; Teng et al., 2010; Tian
et al.,, 2011; Sun and Kennett, 2016), it is speculated that during the
eastward movement of the uppermost mantle material associated with
the Qinghai-Tibet Plateau encountered the Ordos block and changed
direction, turning southward around the Ordos block and escaping
eastward between the rigid Ordos block and the Sichuan Basin.

4.3.2. Bayan Har block

The fast direction of Pn propagation is quite different from west to
east in the Bayan Har block (Fig. 7): the orientation is originally NW
and then transitions to the NE and SE in the Zoige Basin; the SE branch
changes to a NE orientation in the Songpan-Ganzi block, which is
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consistent with the results of previous studies (Huang et al., 2003; Liang
and Song, 2006; Li et al., 2011; Li and Lei, 2012; Wang et al., 2013a; Lei
et al., 2014). It has been suggested that when the southeastward mantle
material flow of Qinghai-Tibet Plateau encountered Zoige Basin it was
divided into two branches, one along the NE direction and the other
along the SE direction. The SE branch diverges again when it en-
counters the Sichuan Basin at the margin of the Songpan-Ganzi block:
one branch is directed toward the SE, while the other is directed toward
the NE and escapes eastward between the Sichuan Basin and the Ordos
block. However, there are no significant variations in surface GPS ob-
servations (Gan et al., 2007) or SKS splitting results (Chang et al., 2008)
indicating that this variation may exist only within a certain depth
range in the uppermost mantle.

4.3.3. Chuan-Dian block and Daliangshan block

The fast direction of Pn propagation shows clear differences from
Chuan-Dian to Daliangshan blocks: the first shows an approximate EW
oriented Pn fast direction and weak high-V anomalies, whereas the
second shows NS Pn fast direction and low-V anomalies (Fig. 7). Also if
some detailed features that emerge from this picture are different from
previous results (Li et al., 2011; Li and Lei, 2012; Lei et al., 2014) the
overall pattern is similar, suggesting the existence of hot material up-
welling there. More specifically, the fast direction is divided into two
branches in the Panxi area. The orientation on the eastern side is NNW,
consistent with GPS observations (Gan et al., 2007) and SKS splitting
results (Chang et al., 2008), which may suggest a coupling between the
crust and the lithospheric mantle in this region. In contrast, the or-
ientation on the western side is NNE, consistent with SKS splitting re-
sults (Chang et al., 2008) but different from GPS observations (Gan
et al., 2007), indicates the possibility that in this area the uppermost
mantle and crust are decoupled. The velocity structure shows that the
Panxi area has a weak high-V anomaly: this may indicate the presence
of rigid materials that obstruct the flow of plateau material as it flows
toward the SE, causing it to diverge.

4.3.4. Longmenshan fault zone and Sichuan Basin

The fast direction of Pn propagation is quite different across the
Longmenshan fault zone (Fig. 7): on the western side (beneath the
Songpan-Ganzi block) it is approximately oriented in a NE direction,
while on the eastern side (beneath the Sichuan Basin) its orientations
can be used to individuate three regions, revealing some differences
from previous results (e.g. Huang et al., 2003; Liang and Song, 2006; Xu
et al., 2010; Li et al., 2011; Li and Lei, 2012; Lei et al., 2014). The
western part of the Sichuan Basin shows a significant high-V anomaly
and the fast direction is along NS direction in the south and along NE in
the northern part, parallel to the Longmenshan fault. The central part of
the Sichuan Basin displays a weak high-V anomaly and the anisotropic
fast direction is directed EW. In contrast, the eastern part of the Sichuan
Basin shows a strong high-V anomaly and the fast wave direction is
mainly oriented along NS. Previous studies have revealed that the Si-
chuan Basin contains different basement compositions (Guo et al.,
1996; Zhang et al., 2006), as supported by gravity anomaly results
(Xiong et al., 2015). However, the results of surface GPS observations
(Gan et al., 2007) and SKS splitting (Chang et al., 2008) do not show
significant variations across the Longmenshan fault zone, suggesting a
certain degree of decoupling between the lithosphere and the upper-
most mantle.

4.4. Relationship between the Pn wave velocity and anisotropy

Fig. 7 shows that the anisotropy strength is associated with velocity
anomalies: the high-V areas, such as Sichuan Basin, show weaker ani-
sotropy indicating that they may suffer less deformation; the low-V
areas, such as the Songpan-Ganzi, Chuan-Dian and Daliangshan blocks
and the Dabashan arcuate tectonic zone, show stronger anisotropy,
which may be related to the strong tectonic deformation. Furthermore,
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the narrow areas between two high-V anomalies, such as the north-
eastern part of the Songpan-Ganzi block, between the Sichuan Basin
and the Ordos block, and the southeastern part of the Daliangshan
block, between the Sichuan Basin and the Panxi area, show strong
anisotropy, suggesting that the material flow tends to accelerate when
moving through a narrowing passage.

4.5. Pn wave velocity and earthquake distribution

In Fig. 6 the white and yellow circles denote earthquakes: the white
circles represent earthquakes (M > 6.0) occurred till 2008, and the
yellow circles represent events (M > 5.0) occurred from 2008 to 2018.
It is visible that most of the large earthquakes occurred at the transition
zones from high-V to low-V anomalies, such as the Songpan-Ganzi block
and Sichuan Basin; on the other hand, some earthquakes occurred on
the margins of high-V anomalies. These results may suggest that strong
earthquakes are prone to occur on boundaries where it is easy to ac-
cumulate elastic energy. Most of the aftershocks (M > 5.0) after the
2008 Wenchuan Earthquake (Ms 8.0) occurred at the northeastern
portion of the Longmenshan fault zone (Fig. 6). The 2013 Lushan
earthquake (Ms 7.0) has been the only strong earthquake occurred in
the Longmenshan fault zone (at its southwestern portion) since the
2008 Wenchuan earthquake: Chen et al. (2013) inferred that there
could exist a future seismic risk in the gap between Lushan and
Wenchuan aftershocks.

5. Conclusions

In this study we present a high-resolution Pn velocity and aniso-
tropy tomographic model of the uppermost mantle beneath the central
segment of North-South Seismic Belt in China. Pn arrival time data set is
built from the collection of events recorded by the Seismological Report
of Chinese Seismic Stations (from 1996 to 2008), Observatory Bulletin
of China Digital Seismic Network (from 2009 to 2018), and temporary
seismic stations. Using the Pn velocity inversion method the spatial
resolution of the velocity model has significantly improved compared to
previous studies, reaching a level up to 0.5° X 0.5° in most of the study
area.

The Pn velocity variations show a correlation with tectonic activity:
our current model clearly outlines, with high-V anomalies, the Sichuan
Basin, Zoige Basin and Ordos block, suggesting that these regions could
be stable; there is a weaker high-V anomaly in the Panxi region, sug-
gesting that it may be a channel of ancient upwelling magma that
subsequently cooled; an evident low-V anomaly zone is observed from
the Songpan-Ganzi block to Chuan-Dian and Daliangshan blocks, sug-
gesting the presence of hot upwelling material; a relatively low-V
anomaly is observed in the central region of the Sichuan Basin, sug-
gesting the existence of asthenospheric upwelling there.

The anisotropy strength is associated with velocity anomalies: high-
V areas have weaker anisotropy while low-V area shows stronger ani-
sotropy, and the reason may be related to the tectonic deformation. The
narrow areas between two high-V anomalies show strong anisotropy,
suggesting that the material flow tends to accelerate when moving
through a narrowing passage. The strong earthquakes occurred at the
high-to-low-V boundaries and on the margins of high-V anomalies,
suggesting that the crustal earthquakes could be related to the presence
of lateral heterogeneities in the mantle. The fast direction of Pn pro-
pagation seems to rotate around stable blocks, like Sichuan Basin and
Ordos block, appearing tangential to their boundaries.
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