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Translithospheric magma plumbing
system fossilized in the Emeishan large
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Lighting up the magma plumbing system beneath a large igneous province (LIP) is challenging
because the complex magma migration paths are often covered by flood basalts and sediments. Here,
we present a three-dimensional seismic image of the Permian Emeishan LIP in Southwest China,
constructed by joint inversion of Rayleigh wave dispersions and receiver functions. The results outline
a cylindrical, high-velocity anomaly extending to ~135 km depth below the inner zone of this
continental LIP. The geometry and magnitude of the high-velocity anomaly suggest that it represents
culminated crystallized materials of primary magmas, thereby mirroring a magma plumbing system
fossilized in the lithosphere. Furthermore, our geodynamic models illustrate that the nearly vertical
plumbing system was controlled by slow plate motion during the magma emplacement. The plume
head beneath a nearly static plate has higher thermal buoyancy and thus promotes more intensive
magma emplacement. This phenomenon may apply to other LIPs throughout Earth’s history

The magma plumbing system within a large igneous province (LIP) is
controlled by the plume activity, which can transport materials and heat
from the core-mantle boundary to the surface'™. Investigating the magma
plumbing system offers key insights into the interactions of the plume with
ambient mantle, mantle convection, plate tectonics and surface processes*™.
Nonetheless, the deep structure of large igneous provinces remains poorly
characterized by geochemical and petrological approaches because much of
the magma is concealed beneath the thick flood basalts and sediments.
Seismic tomography could allow deep mantle plumes to be imaged; how-
ever, it is hard to isolate the thermal effects of modern plumes from com-
positional changes, which may lead to erroneous estimates of geometry and
compositional features of plumes’. Thus, the dynamics of mantle plumes
and their relation to mantle convection and plate tectonics are still debated.
Fortunately, the continental lithosphere could preserve the imprints of an
ancient LIP in fossil form®, and allows the geometry of entire plumbing
systems to be reconstructed by geophysical properties.

The Emeishan LIP (Fig. la), Southwest China, is a type example of
continental flood basalt provinces that has been widely attributed to the

activity of an ancient mantle plume in the Permian**"’. Its thermal effects
caused by the plume have decayed out", thus providing an exceptional
region for investigating the nature of LIPs’ magma plumbing systems. This
province encompasses vast quantities of continental flood basalts, rare
picrite and associated mafic-ultramafic intrusions*'*"*, covering a rhombus-
shaped area of more than 250,000 km’ in the western Yangtze Craton
(Fig. 1a). These extensive mafic volcanic successions were emplaced over the
Middle-Late Permian boundary (~260Ma)*'", coeval with the end-
Guadalupian mass extinction'*'’. According to the extent of erosion of
the Maokou Formation, which is unconformably overlain by the Permian
flood basalt, the Emeishan LIP is divided into the inner (INZ), intermediate
(IMZ), and outer (OTZ) zones". Specifically, the INZ, where the erosion of
the Maokou formation is most intensive and the pre-eruptive domal uplift is
estimated to be the highest over 1000 m with a radius exceeding 700 km, is
considered to be the impact site of the Permian plume head*".

Numerous geophysical studies found evidence for large-volume
magma reservoirs preserved as thick high-seismic-velocity layers
(>10 km) attached to the base of the LIP’s crust, such as the Deccan, Siberian
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Fig. 1 | Maps of the Emeishan large igneous province (LIP) and seismic network.
a The gray thick lines indicate the block boundaries and main faults. The gray dashed
line indicates the border of the Sichuan Basin. The black dashed lines indicate the

borders of the inner, intermediate, and outer zones of the Emeishan LIP. The green
and red areas indicate the distribution of the Permian basalts and mafic-ultramafic

intrusions, respectively'’. The yellow squares indicate the location of the picrites”.
The orange star indicates the inferred plume center in this study, which is also shown
in Fig. 4. b The campaign stations deployed by ChinArray project and permanent
stations deployed by the China Earthquake Administration are labeled in blue and
red, respectively.

Tarps, Ontong Java Plateau, Kerguelen, Columbia River Basalts and High
Arctic LIP'™". However, so far, a comprehensive picture of the magma
plumbing system fossilized in a LIP has not been achieved. Here, we provide
a panoptic view of the Permian magma plumbing system rooted in the
lithosphere by building three-dimensional (3-D) tomographic images of the
crust and upper mantle beneath the Emeishan LIP. We then integrate
constraints from geophysics, geochemistry, and geodynamic models to
ascertain the slow motion of the overlying plate in favor of a rapid
and vertical migrating magmatism of the Emeishan LIP. The results shed
light on how the mantle plume interacts with the overlying lithosphere
and what controls the fast magma transport and eruption of massive
flood basalts.

Results

Between August 2011 and August 2013, 350 campaign stations from the
ChinArray project™ were deployed in the vicinity of the Emeishan LIP.
Integrated with 74 permanent stations operated by the China Earthquake
Administration®’, a substantial seismic dataset was collected using a dense
seismic array featured by an inter-station spacing of ~30 km (Fig. 1b). Based
on this seismic dataset, we adopt a wave gradiometry method” ™, taking
advantage of wavefield information sampled by dense arrays, to extract
dispersion curve beneath each station for a period range of 20-150s
(Supplementary Fig. 1), which are sensitive to the crust and upper mantle
structures. 146 teleseismic events (Mw >5.0) with epicentral distances
ranging from 30° to 90° (Supplementary Fig. 2) are used to extract these
dispersion curves. Additionally, a seismic model of China**® (0.5° x 0.5°
grids) provides dispersion curves for shorter periods (5-40 s), mostly sen-
sitive to the crustal structure. Differences between these two types of
dispersions at overlapping periods (20-40s) generally follow a Gaussian
distribution ~ (Supplementary Fig. 3) with small mean values
(0.003-0.01 km s!) and standard deviations (0.0639-0.0753 km s™*), indi-
cating that the dispersion data from the two methods are in good con-
sistency. Combining these two types of dispersions and using their mean
values at overlapping periods, the final period range of our dispersion curves
expands to 5-150s, which provides reliable constraints on the shear
wave velocity model of the crust and upper mantle. The substantial
seismic dataset is also used to calculate receiver functions at each station by

time-domain iterative deconvolution technique””’. The harmonic

stripping method™ is used to extract the average receiver function (9s
after the direct P-wave arrival) for each station (see “Methods” section for
details).

We employ a Bayesian Monte Carlo approach for joint inversion of
dispersion curves and receiver functions to construct the 1-D shear-wave
velocity (Vs) model beneath each station™. Parameterization and associated
uncertainties are described in detail in the Methods section. Supplementary
Fig. 4 exhibits three depth-dependent models located in the INZ, IMZ, and
OTZ of the Emeishan LIP, respectively, showing that the phase velocities,
receiver functions and shear wave velocities are all fitted well in the joint
inversion. The 1-D Vs models at all stations are assembled to construct the
final 3-D seismic model in and around the Emeishan LIP, which has a high
lateral resolution of ~30 km (theoretically estimated by the station interval).
Overall, velocity uncertainties are ~0.06 km s™" in the crust and ~0.1 km s™
in the lithospheric mantle (Supplementary Fig. 5), which are both
acceptable.

Our seismic model reveals an obvious high-velocity-anomaly (HVA)
with various geometric distributions and magnitudes of velocity anomaly at
different depths (Fig. 2), which is well-confined to the INZ and extends to
~135 km depth (Fig. 3d, h). This translithospheric HVA is characterized by
large magnitude of high velocities (Vs anomaly > 4%) in three sectors: (1)
The first sector is at depths shallower than ~20 km (Fig. 2a, b; sector A in
Fig. 4). The HVA extends northeastwards from the INZ to OTZ in this
sector, with a lateral extent of approximately 185km in the east-west
direction and over 300 km in the north-south direction. The spatial extent of
this anomaly is well constrained within the INZ, but it is less well con-
strained to the northeast because of the lack of seismic stations in that area.
(2) The second sector is at depth range of ~40-60 km (Fig. 2d; sector C in
Fig. 4), where the HVA is around 15 km thick and 210 km in diameter,
which attaches to the crustal basement; (3) In the third sector, at depths of
~100-135 km (Fig. 2g; sector E in Fig. 4), the HVA is observed as a cylinder
with a diameter of ~125 km. The HVA is also featured by moderate mag-
nitude high velocities (Vs anomaly of ~3%) at depths of ~30-40 km (Fig. 2¢;
sector B in Fig. 4) and ~60-100 km (Fig. 2e, f; sector D in Fig. 4), whose
lateral extent is ~80 km and ~100 km, respectively. Overall, the HVA forms
a clear quasi-cylinder extending from the surface to the depth of at least
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Fig. 2 | Horizontal images of tomographic inversion for S-wave velocity structure
and the Moho depth. Colour scale denotes the magnitude of S-wave velocity at
10-150 km depths (a-h) and the depth of Moho discontinuity (i). The gray and black
lines are the same as those in Fig. 1a. Black circles indicate the maximum gradient of
velocity perturbations around the high-velocity anomaly in the inner zone of the
Emeishan LIP. The red and blue sticks in g indicate the splitting measurements in
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this article and a recent shear-wave splitting analysis”, respectively; unfilled circles
indicate the null measurements. Due to the undulation of the Moho depth, we apply
different colour scales in d to denote the magnitude of crustal and mantle S-wave
velocity at depth of 50 km. Red lines (AA’, and BB’) in b indicate the locations of
cross-sections shown in Fig. 3.

135 km, which is isolated from the surroundings by the maximum gradient
of velocity perturbations (Fig. 4).

Obvious HVA is also observed in the lithosphere beneath the Sichuan
Basin (Fig. 2e-h). To further distinguish the properties of these HVAs, we
perform SKS-wave splitting analysis along two orthogonal profiles (AA’ and
BB’ shown in Fig. 2b) across the INZ, IMZ and OTZ (see “Methods” section
for details). Shear-wave splitting measurements, shown in Supplementary
Fig. 6, depict strong anisotropy beneath stations in the Sichuan Basin, in
contrast to the weak anisotropy that appears at stations beneath the INZ.
Especially, the core of INZ hosting the HVA in the lithospheric mantle is
characterized by null or very weak splitting with delay times dt less than
0.35 s in nearly N-S-oriented fast directions (Figs. 2g and 3b, ¢, f, g). Con-
versely, strong N-S-oriented anisotropic zones with an average 6t of 0.73 s
appear to the west and north of the INZ; Nearly E-W-oriented anisotropy
with an average 0t of 0.74 s can be observed in the IMZ, and this orientation
gradually shifts to NW-SE direction with an average 6 of 0.87 s in the OTZ.
The splitting features illustrate the contrasting natures of the HVAs in and
out of the INZ (Figs. 2e-h).

Discussion
A magma plumbing system fossilized in a LIP
Our 3-D seismic image shows a translithospheric HVA with varying geo-
metry and magnitude in depths, which could depict a complete view of the
magmatism of the Emeishan LIP. The HVA in the crust beneath the INZ
(sectors A, B, C in Fig. 4) is generally associated with high velocity, high
resistance, and high Vp/Vs ratio detected by a series of 2-D geophysical
investigations™ . Those geophysical characteristics have well identified the
underplating or magma reservoir at the base of the crust (sector C in Fig. 4)
and intrusions within the crust (sectors A and B in Fig. 4) of the Permian
plume. We thus interpret the crustal HVA as the magma plumbing system
in the crust. Because little is known about the magmatism of the Emeishan
LIP below the Moho depth, our discussion here will focus on the origin of
the HVA in the subcontinental lithospheric mantle (SCLM) (sectors D, E
in Fig. 4).

The HVA in the SCLM beneath the INZ features a vertical cylinder
(Fig. 3d, h; sector E in Fig. 4), which is generally associated with a high-
density anomaly reported by a previous gravity investigation”. The HVA is
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Fig. 3 | Seismic images of cross section and corresponding splitting analysis.
a-d North-south cross-section at 101.5°E. e-h East-west cross-section at 26.5°N.
Yellow squares in a, e indicate the localities of the picrites. Red circles and blue
rhombuses in (b, ¢) and (f, g) represent the splitting measurements in this article and
a recent shear-wave splitting analysis”, respectively, while the unfilled circles and

rhombuses indicate the null measurements. Colour scale of seismic images (d, h)
denotes the percentage deviation from the average velocity (except for stations in the
Sichuan Basin). Short bars represent the uncertainties of splitting measurements,
and blue shades denote the areas with high-velocity anomaly in the subcontinental
lithospheric mantle.

located at the center of the INZ and its size (with a diameter of
~100-125 km) is comparable with the expected size of a plume tail*™. It is
thus logically inferred that the HVA is above the plume axis”. Given an
ancient LIP where thermal effects decayed out'’, the present temperature of
its plumbing system should be similar to the ambient mantle. Thereby
thermal anomaly is unlikely to be the cause of the HVA within the INZ, nor
is grain size which leads to little discrepancies in seismic velocity with small
temperature anomaly™’. Most likely, the HVA in the SCLM is due to a
compositional difference between it and the ambient mantle, for which two
end-member models could be conceived: (1) depletion of the SCLM fol-
lowing extensive melt extraction”; (2) crystallization of the primary
magma from the deep mantle”. In the first model, the HVA is mainly
composed of remnant mineral assemblages of the SCLM after extensive melt
extraction induced by the interaction between the mantle plume and the
overlying lithosphere””. However, experimental data with pyrolite samples
indicate that, when pressure exceeds 2.7 GPa, the predominant constituent
of the SCLM (peridotite) changes only slightly with progressive melting”. In
garnet stability field (>3 GPa), seismic velocities of residual harzburgite
transformed from lherzolite by extensive partial melting are also indis-
tinguishable from those of ambient SCLM*". Therefore, the comprehensive
effect on the host uppermost mantle would not cause a notable HVA.
Moreover, a reduction in the bulk density of the depleted mantle is expected
in the melt extraction model*, which is inconsistent with the observed high-
density anomalies™”. For the second model, the primary magma of the
Emeishan LIP is suggested to be picrites containing 16-22 wt.% MgO”***. A
rock of picritic composition could be produced by rising magma in the
plume tail due to the notable temperature difference (>200 °C) between the
plume head and the SCLM™”. Its high density at mantle pressures best
explains both the present HVA and the positive gravity anomaly above the
plume axis. On the other hand, geodynamic simulations suggested that the

upwelling magmas directly impacted by the plume head could form a
vertical crystalline lattice orientation of mantle minerals*. Then the crys-
tallized products of the primary magma and its metamorphic phase (oli-
vine-bearing eclogite) generate a continuous crystal framework, which can
largely increase the seismic velocity”. We thus attribute the HVA in the
SCLM primarily to the crystallization of primary magmas with vertical
deforming fabrics, which is caused by the vertical migration of primary
magmas from the deep mantle. A similar interpretation has also been
applied to the HVA in the upper mantle beneath the Siberian LIP*.

This interpretation is further supported by the strong spatial con-
sistency of the HVA in the SCLM beneath the INZ with the weak or null
splitting zone (Fig. 3). These results align well with the SKS-wave splitting
measurements along a nearby E-W-trending linear seismic array”’
(Figs. 2g, 3f, g), where the optimal depth of the anisotropic layer is estimated
to be between 100 and 200 km. We attribute this correlation to the fact that
the anisotropy induced by the vertically oriented crystalline lattice of the
primary magmas is undetectable by the steeply propagating SKS waves.

A much wider lateral extent of the magma storage system of the
Emeishan LIP was inferred by radial anisotropy™ extending to the HVA
beneath the Sichuan Basin. By joint inversion of surface wave dispersions
and receiver functions based on the dense array, our model is of a lateral
resolution of about 30 km and therefore is capable of isolating the cylinder-
shaped HV A beneath the INZ from the strong HV A at depths of 75-150 km
close to the Sichuan Basin (Fig. 3h). We interpret the HVA close to the
Sichuan Basin as the craton’s keel rather than the fossilized root of the
Emeishan LIP due to the strong SKS-wave splittings (Fig. 3g, Supplementary
Fig. 6) as well as the absence of high-density anomalies™ and picrite dis-
tribution in this region'” (Fig. 1a).

Furthermore, to determine whether the Emeishan lavas were derived
from a relatively homogeneous source or heterogeneous sources, we
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Fig. 4 | Three-dimensional visualization of the magma plumbing system of the
Emeishan LIP shaped by the maximum gradient of velocity perturbations. The
blue quasi-cylinder depicts the magma plumbing system. Grid lines indicate the
surface undulations. The gray plane indicates the Moho discontinuity. The orange
star corresponds to the location, where the core of the lower part (100-125 km) of the
cylinder-shaped high-velocity anomaly is projected to the surface, and it is logically
inferred as the plume center. The green areas indicate the distribution of the Permian
basalts, the chartreuse bars indicate the SKS splitting measurements in this article
shown in Fig. 2g, and the red dashed lines indicate the borders of the inner and
intermediate zones of the Emeishan LIP. A, B, C, D, E indicate the different sectors of
a high-velocity anomaly with varying geometry and magnitude.

combine constraints from our seismic model and geochemical observations.
We note that the seismic velocities of the fossil magma conduit beneath the
INZ decrease with depth from 100 km to 60 km (Fig. 3d, h; sector D in
Fig. 4), which could be explained by decreasing degrees of magma melting
and the entrainment of surrounding materials™*. This gentle decrease
suggests that there is no obvious compositional distinction within the
magma storage system of the Emeishan LIP in the SCLM. In addition, the
compositional diversity of the low-, intermediate- and high-Ti picrites can
be used to evaluate the source of this LIP*>**", Their similar isotope com-
positions and trace element patterns™, together with the relatively constant
Pb isotope compositions of the Dali melt inclusions", reflect various degrees
of melting of a relatively homogeneous source. Therefore, we suggest that
the Permian mantle plume rose rapidly in the SCLM without undergoing
largely cooling and fractionation.

The link between plate tectonics and LIPs

Although the fossilized Emeishan magma’s plumbing system does not
exhibit a complex network of channels in our seismic model, they are clearly
distinguished from the surrounding host rock by a nearly-vertical quasi-
cylinder-shaped HVA beneath the INZ (Fig. 4). It is widely postulated that
the arrival of a plume head at the base of the lithosphere serves as a crucial
driving force behind such a lithospheric plumbing system****, and plume
material migration beneath the lithosphere is mainly controlled by the plate
motion**’. To further comprehend the relationship between the vertical
HVA and plate tectonics, investigating the interactions between the mantle
plume and an overlying lithosphere is essential in the context of various plate
velocities. We develop a 3-D numerical model (using CitcomCU software,
see “Methods” section for details), along with incompressible fluids and a

Boussinesq approximation™, to investigate the evolution processes of the
Emeishan LIP (Supplementary Fig. 7). The modeling result with a slow plate
motion velocity (1 cmyr™") depicts a near-vertical ascent of the mantle
plume with melt being concentrated within 300 km of the plume axis after
~7 Myr (Supplementary Fig. 7a, b). In contrast, when the plate motion rate
increases to 6 cm yr ', the fast-moving plate causes deflection of the plume
materials beneath the lithosphere, and the melt extends approximately
800 km from the plume axis in the direction of plate motion after the same
period (Supplementary Fig. 7c, d). Overall, our geodynamic models identify
that the temperature of the plume head is higher in a more concentrated
manner with a higher melting extent when the overlying lithosphere has a
slow motion. Its higher thermal buoyancy flux promotes the small-scale
convection at the top of the plume, allowing locally for the thinning of the
overlying lithosphere and subsequent emplacement of the magma™**, That
is indeed consistent with the interactions between the Emeishan plume and
the overlying Yangtze craton: the lower part of the HVAs rooted in the
SCLM beneath the INZ (sectors D, E in Fig. 4), which is logically above the
plume axis, exhibits a perfectly vertical cylinder shape with a diameter of
around 125 km. This consistency is also supported by the occurrence of
picrites in the INZ'** (Fig. 1a), which result from the high-temperature
difference between the mantle plume and surrounding mantle and are most
abundant towards the hot center of the plume head™”.

It is worth noting that the extension to the northeast of the upper part of
the HVA (Figs. 2a, 3h; sector A in Fig. 4) rooted in the shallow crust does not
indicate a fast plate motion as predicted by our geodynamic model. This
extension could be controlled by the structure of the shallow crust, such as
the pre-existing faults into the upper crust, along which massive flood basalts
would have erupted and been buried in the Sichuan Basin™. The absence of
low-Ti flood basalts and picrites in and around the Sichuan Basin indicates
(Fig. 1a) that the temperature associated with the Permian plume in the OTZ
is much lower than that in the INZ*. It also argues against the extension of
the magma plumbing system to the northeast as predicted by our geody-
namic model with high plate motion velocities (Supplementary Fig. 7c, d).

To further investigate whether the influence of slow plate motion
velocity on the emplacement of magma, as proposed for the Emeishan LIP
in this study, is a common mechanism for other LIPs, we extract local plate
velocities within the main phases of the LIPs based on different kinematic
plate reconstructions” ™ using Gplates software (Supplementary Fig. 8).
Except for ~10 cm year* for the Deccan LIP, which is mainly affected by the
collision between the Indian Plate and the Eurasian Plate, the average plate
velocities in different plate reconstruction models for other LIPs are all less
than 5 cm year . Especially, near-zero plate velocities are coincident with
the main window of magma emplacements of the Emeishan, Karoo-Ferrar,
Parana-Etendeka, North-Atlantic and Columbia River LIPs. Notably, recent
numerical modeling™ and temporally resolved plate tectonic models® also
identify that a slow plate motion rate plays a key role in the formations of
LIPs. These temporal consistencies between the slow local plate motion and
duration of main phases of LIPs from ~285 Ma to ~16 Ma indicate that the
plate movements in the millions of years during magma emplacements are
generally small throughout much of Earth’s history, which may promote the
emplacement of magma.

Thus, we conclude that, in addition to the arrival of the plume head, the
overlying plate motions also play dominant roles in the magma emplace-
ments of continental flood basalts and magmatic architectures of LIPs. The
nearly static overlying plate provides enough time for the interactions between
the mantle plume and the lithosphere, resulting in higher magma buoyancy
fluxes, which makes the plume more effective in intruding the overlying plate
and forming a LIP***. Conversely, considerable relative motion between the
overlying tectonic plate and the deep mantle plume reduces the interaction
time between the plume head and lithosphere, and accelerates the migration
of plume materials beneath the lithosphere toward the plate motion direction.
It could result in an elongated stripe structure with high seismic velocity in the
lithosphere after the melt cools down. These fundamental relationships
between mantle plumes and global plate tectonic processes may shed a light
on investigating the roles of plumes in Earth’s processes.
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Methods

Ambient noise tomography

The dispersion curves for shorter periods (5-40 s) are provided by a seismic
model of China on a 0.5° x 0.5° grid****. Rayleigh wave phase measurements
in this model are obtained from the symmetric component of each inter-
station cross-correlation by performing an automatic frequency time
analysis®"*, which is computed from several networks located throughout
China and surrounding regions. Barmin’s traditional ray theoretic method*’
is applied to generate isotropic phase velocity maps at each period. Damping
and regularization are used to optimize the agreement between the maps.
Eikonal method™ is applied to estimate the spatial average of the uncer-
tainties over the study area in this work.

Wave gradiometry method

We apply wave gradiometry method”*** to the seismograms for each event
with the following procedures: (1) the mean, trend and instrument
responses are removed from the raw waveforms; then narrow bandpass
filters are applied to the displacement waveforms for 12 passbands with
center periods ranging from 20s to 150 s. (2) the maximum normalized
cross-correlations between a test waveform and the signal at all other sta-
tions are calculated, and the test trace could be retained when more than half
of the normalized cross-correlation values are better than 0.6. (3) the root
mean square (rms) values of signal window and noise windows for each
waveform are calculated. Signal window is defined by the signals between
tpick — 2Tmax and fhg + 27, Where £ represents the timing of the
waveform peak around the predicted group arrival time, 7,,,, represents the
maximum value of the period band of interest. Two noise windows are
defined as the signals between the zero-lag time and the beginning of the
signal window, and the part following the end of the signal window and with
a delay of 47, in time. We require that the ratio of these two rms values is
greater than 3. (4) the methods of reducing velocity” and weighted
inversion™ are applied for irregular arrays. (5) spatial gradients of wavefield
are obtained. (6) phase velocities are obtained by solutions linked with
eikonal equation™ at short periods (20 ~ 50's), and those with Helmholtz
equation® at longer periods (50 ~ 150 s), respectively.

Calculation of the receiver function

Time-domain iterative deconvolution technique is employed to each seis-
mogram windowed between 20 s before and 30 s after the direct P wave
arrival to calculate the radial receiver functions at stations”*". In extracting
the receiver functions, a low-pass Gaussian filter with a width of 2.5 s (pulse
width of ~1 s) is applied to clean up the high-frequency noise. We carry out
the moveout correction for Ps converted phases of each receiver function to
a reference slowness of 0.06 s deg™'. We use the receiver functions only
within 9 s following the direct P-wave signal so that the waveforms include
Ps phases converted at the Moho (Pms) but exclude the reverberated phases,
on account of the distorted time and amplitude after the converted-phase
moveout correction for the latter. Following three criteria are applied to
choose the reliable receiver functions: (1) the variance reduction in the
iterative deconvolution is greater than 80%; (2) the amplitude of the receiver
function at the zero time is between 0 and 1; and (3) the misfit of receiver
function is less than 0.08. We then use the harmonic stripping method™ to
compute the azimuthally independent receiver function from all the quality-
controlled receiver functions (Supplementary Fig. 9). Only if more than 10
individual receiver functions from different earthquakes at a station pass the
quality control, these receiver functions are stacked to obtain the average
receiver function of each station and used in the joint inversion. Ultimately,
we obtain average receiver functions with a high signal-to-noise ratio for
420 stations.

Joint inverting for shear wave velocity

A Bayesian Monte Carlo approach for joint inversion of dispersion curves
and average receiver functions is employed in this study”. By combining the
two complementary data types, it provides information about well-
constrained absolute lithospheric shear wave velocity and sharp seismic

discontinuities beneath the seismic station (Supplementary Fig. 10). We
parameterize the 3-D shear wave velocity model of the study area as a
combination of a set of 1-D depth-dependent models at each station™,
which is composed of a sedimentary layer, a crustal layer, and an uppermost
mantle layer. In detail, the sedimentary layer is parameterized with linear
gradient velocities defined by the layer thickness and velocities at the top and
bottom of the layer; the crustal and mantle layers are characterized by four
and five cubic B-splines, respectively; and the crust thickness is also a free
parameter during the inversion. The Vp/Vs ratio is set as 2.0 in the sedi-
mentary layer, and 1.75 in the crustal and mantle layers. Density is calcu-
lated as a simple approximation from the empirical relationships in
the sedimentary and crustal layers®, and the mantle”, respectively. To
make physical dispersion correction, an attenuation factor Q taken from
the PREM model® is used in the inversion. Prior distribution of models in
the joint inversion is defined by allowed perturbations relative to the
reference model as well as model constraints. In this study, the reference
model is derived from the AK135 model® and the following two constraints
are imposed on the model space: (1) Vs increases with depth across the
model discontinuities at the base of the sediments and Moho; (2) Vs does
not exceed 4.9 km s~ at all depths.

The principal output of the joint inversion is the posterior distribution
of models, which is conducted through forward computation using the
Thomson-Haskell method with an earth-flattening transformation”. Dur-
ing model space sampling, each model is generated by perturbing a given
model under the prior assumptions and the Metropolis law™ is utilized as
the transition probability. Furthermore, a joint misfit function as follows is
introduced as the basis for accepting models to form the posterior dis-
tribution:

_ 1 _ al [gi(m) _D?bs]z
S(m) = Sqyy +;SRF = ZT

i=1 1

Ri(m) — Ao (1)]
g )

)

Where gi(m) and D denote the predicted (from the model m1) and the
observed phase velocities at period i on a discrete grid of N periods. R(m)
and Ao(t)) denote the predicted (from the model m) and observed receiver
functions at time ¢; on a discrete grid of M times. The coefficient « represents
the weight between the dispersion data and the receiver function. Because
both the data sets are equally reliable in this study, we set k as 2.5 to strike the
appropriate balance between the two data sets”. ¢ is the uncertainty of
Rayleigh wave dispersion curves, which is estimated by the eikonal
method™. ; represents the uncertainty of the receiver function, which is
computed by the harmonic stripping method”. The choice of critical
threshold of the misfit is described by Shen et al.””. Finally, an average of
20,000 accepted models are retained in the posterior distribution for each
station in order to enhance the reliability of the results.

SKS-waves splitting analysis

To perform an SKS-wave splitting analysis along the profiles AA’ and BB in
Fig. 2b, SKS-waves from 186 events at epicentral distances of 85°—130°with
the earthquake magnitude larger than Mw 5.5 (Supplementary Fig. 2) are
used through the SplitLab software package”. Considering its steeper
incident angles and higher signal-to-noise ratio”, we choose only SKS-
waves to ensure a high lateral resolution. After the waveforms are band-pass
filtered between 0.04-0.5 Hz, the rotation cross-correlation method’' and
the eigenvalue method’ are applied simultaneously to determine the fast
polarization direction and the delay time, and only unambiguous mea-
surements with Signal-to-noise ratio >4.0 are selected. We present the
splitting measurements from the eigenvalue method in this study, while the
difference in fast wave direction, A, and the ratio of delay time, p, between
measurements of different methods are evaluated simultaneously to
determine the quality of the measurements’. We only choose the splitting
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measurements with 0.7<p<1.2 and Ag<15° and null (non-splitting)
measurements with p <0.25 and 35° < Ag < 55°. The average splitting for
each station is calculated by stacking the normalized energy maps of reliable
splitting measurements, and a statistical F test is conducted to obtain the
95% confidence interval” to estimate the corresponding uncertainty. The
station-averaged splitting results are shown in Supplemental Table 1. Azi-
muthal dependence of the splitting parameters is observed at several stations
in the IMZ and OTZ of the Emeishan LIP, which suggests that multiple
layers of seismic anisotropy may exist over there. We therefore focus on the
cause of weak or null and strong splitting measurements in and out of the
INZ in this study. Moreover, we find little consistency between our mea-
surements and crustal anisotropies constructed by Pms splitting analysis™
(Supplementary Fig. 11), indicating a mantle source for the SKS splitting
measurements in this study.

Geodynamic modeling

The governing equations are the same as those in Zhong™. Our model
domain ranges from 0 km to 4800 km in the X direction with 256 elements,
from 0 km to 2400 km in the Y direction with 128 elements, and from 0 km
to 600 km in depth (Z direction) with 64 elements. Considering that the
Emeishan LIP was located at the margin of the Yangtze Craton during its
magma emplacement, we set the thickness of the overlying plate as 100 km.
The linear initial temperature within the lithosphere is applied in our geo-
dynamic model with a potential temperature of 1400 °C. The nondimen-
sional viscosity depends on temperature and depth, consistent with previous
studies®”.

In addition, isothermal boundary conditions are prescribed at the top
and bottom boundaries in our model, while the other boundary conditions
are thermally insulated. Mechanically, all the sides are free-slip except that
the left (X=0km), right (X=4800km) and bottom boundaries are
permeable. Initially, a semicircular thermal anomaly with an excess tem-
perature of 300K and a radius of 100 km is located at (X = 1600 km,
Y =0km). The distribution of excess temperature in the anomalous area is
given by AT = AT, exp (%z), where R is the plume radius, and r is the
horizontal distance from the plume center. To investigate the interactions
between the mantle plume and the moving lithosphere, the lithosphere
starts moving at a rate of 1 or 6 cm yr~" when the plume rises to a depth of
~250 km. We defined this time as 0 Myr. Besides, the extent of anhydrous
melting is estimated based on a parameterization method”.

Data availability

Waveform data of permanent stations for this study are collected through
Data Management Centre of China National Seismic Network at Institute of
Geophysics, China Earthquake Administration (https://doi.org/10.11998/
SeisDmc/SN, http://www.seisdmc.ac.cn). Waveform data of portable sta-
tions are archived at China Seismic Array Data Management Centre at
Institute of Geophysics, China Earthquake Administration (https://doi.org/
10.12001/ChinArray.Data, http://www.chinarraydmec.cn). Geospatial Data
is available in https://github.com/gmt-china/china-geospatial-data. Surface
wave dispersion curves, velocity model of Vsv, and original receiver func-
tions are available in the figshare (https://doi.org/10.6084/m9.figshare.
24025494).

Code availability

The wave gradiometry code is available at https://github.com/Feihuang-C/
Wave-Gradiometry. The receiver function analysis code can be found at
http://egseis.geosc.psu.edu/cammon/HTML/RftnDocs/rftn01.html.  The
Computer Programs in Seismology (CPS, version 3.30) software package
can be accessed at http://www.eas.slu.edu/eqc/eqecps.html. The code of
forward computation is available at http://www.eas.slu.edu/eqc/eqccps.
html. The code of SplitLab software package is available at http://www.gm.
univ-montp2.fr/splitting/. The mantle convection code CitcomCU is
available at https://geodynamics.org/cig/. The Gplates software (version 2.5)
can be accessed at https://www.earthbyte.org/download-gplates-2-5/. Fig-
ures in this study were generated using GMT"".
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