Geophysical Journal International

Geophys. J. Int. (2023) 232, 81-96
Advance Access publication 2022 August 23
GJI Seismology

https://doi.org/10.1093/gji/ggac327

Decoding the Emeishan Permian mantle plume in the southeastern
margin of Tibet from the seismic signature of the local lithosphere

Jiafu Hu “,! Haiyan Yang,! José Badal,” Hengchu Peng! and Suqiu Miao'

! Department of Geophysics, Yunnan University, 2 North Green Lake Rd., Kunming, Yunnan 650091, PR. China. E-mail: jfhu96@]163.com
2Physics of the Earth, Sciences B, University of Zaragoza, Pedro Cerbuna 12, 50009 Zaragoza, Spain

Accepted 2022 August 15. Received 2022 August 10; in original form 2022 January 24

SUMMARY

The Emeishan large igneous province (ELIP), which is located along the southeastern margin
of Tibet, is widely regarded as the erosional remnants of voluminous Permian mafic volcanic
successions that were associated with mantle plume activity. In addition, evidence for the
eruption of the mantle plume and its signature of lithospheric modification should have been
retained in the lithosphere after cooling of the plume. Here we use calculated compressional-
and shear wave receiver functions (PRFs and SRFs, respectively) from >750 broad-band
stations, together with heat flow and Bouguer gravity anomaly data, to investigate the seismic
signature within the lithosphere beneath the southeastern margin of Tibet. Our results from
the inner zone (INZ) of the ELIP indicate that the ~60 km depth of the Moho interpreted from
depth-migrated PRF images is consistent with that inferred from SRFs and is deeper than
that in the region surrounding the INZ, which shows a continuous positive converted phase
at ~35-40 km depth. The crustal geometry and physical properties show a 15-20-km-thick
mafic underplated layer that extends for 150-200 km in the E-W direction and ~400 km in the
N-S direction along the base of the crust in the northeastern INZ and its surrounding region.
We interpret the underplated layer as the concealed Emeishan plume hotspot track and suggest
that the head of the postulated mantle plume is centred approximately beneath Panzhihua City
and its surroundings. We propose a new geodynamic model for the formation of the ELIP,
in which the lower—middle crust has been strengthened by voluminous mafic intrusions and
underplating, whereas the Yangtze Craton in the plume region has been destroyed by removing
the base of the lithosphere.
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1 INTRODUCTION

Global positioning system (GPS) velocity vectors have indicated
that the upper crust along the southeastern margin of Tibet is un-
dergoing clockwise rotation around the Eastern Himalayan Syntax
(EHS; Zhang et al. 2004). The left-lateral Xianshuihe-Xiaojiang
fault (F9 and F6 in Fig. 1) and the right-lateral Jinshajiang-Red
River fault (F7 in Fig. 1) separate the southeastern margin of Ti-
bet into different tectonic blocks, such as Indochina Block and
the Sichuan—Yunnan diamond-shaped Block (hereafter named by
its acronym SYDSB; Molnar & Tapponnier 1975; Tapponnier et al.
1990, 2001; Zhang 2013). The tranverse Lijiang-Xiaojinhe fault (F7
in Fig. 1), which divides the SYDSB into south and north portions
(hereafter named by northern and southern SYDSB, respectively),
and the Longmenshan fault (F8 in Fig. 1), form a part of the western
boundary of the Yangtze Craton (Burchfiel e al. 1995; Zhang 2013).

Most of the late Permian Emeishan basalts exposed along the
southeastern margin of Tibet are generally considered to be ero-
sional remnants of voluminous mafic volcanic successions (Fig. 1)
and are widely regarded to represent a large igneous province that
was formed by a Permian plume (Xu et al. 2007). The thickness
of the entire volcanic sequence in this province varies considerably,
from over 5000 m in the west to a few hundred meters in the east (He
et al. 2003). The province consists of dominant basaltic lavas and
subordinate pyroclastic rocks. The Emeishan volcanic successions
unconformably overlie the late middle Permian Maokou Limestone
and are in turn covered by the uppermost Permian sediments in
the east and west and by the upper Triassic or Jurassic sediments
in the central part (He et al. 2003). Xu et al. (2007) identified at
least seven lines of evidence that support a Permian mantle plume
origin for the Emeishan large igneous province (ELIP). However,
most of the evidence for this mantle plume has been derived from
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Figure 1. Tectonic situation of the ELIP and surrounding region across the southeastern margin of Tibet. The inset map in the upper-left-hand corner shows
the main tectonic blocks and major faults (solid lines) in the region. The red rectangle encloses the study area. Shaded dark-brown areas indicate late Permian
Emeishan basalts in the ELIP. Thick dashed blue lines mark the boundaries between the inner, intermediate, and outer zones of the ELIP. Thin black lines
denote major faults. Red lines are isolines that represent the smoothed terrain elevation, with a colour scale of elevation shown to the left of the map.

geochemical, palacomagnetic, geochronological and palacontolog-
ical studies, with limited evidence based on geophysical inferences.
Previous studies (He et al. 2003, 2004, 2007; Xu et al. 2021) have
indicated that the ELIP can be divided into inner (INZ), interme-
diate (IMZ), and outer (OTZ) zones on the basis of the extent of
erosion of Maokou Limestone (Fig. 1). The INZ has a radius of
ca. 200 km, where the the Maokou Limestone was strongly eroded
and the pre-volcanic crustal uplift probably could exceed 1000 m
(He et al. 2003; 2004, 2007; Xu et al. 2021). The thickness of the
Maokou Limstone increases to 200-450 m in the INZ and to 250—
600 m in the OTZ, suggesting a domal thinning of the strata in the
ELIP (He et al. 2003). Most of the INZ lies within the southern
portion of the Sichuan—Yunnan diamond-shaped block (SYDSB),
and the INZ likely coincides with the centre of the postulated mantle

plume (Xu et al. 2007). However, only scarce erosional remnants of
the Emeishan basalts are exposed across the INZ (Fig. 1), and the
INZ spans a large area; therefore, it is difficult to locate the plume
head precisely. In fact, surface-wave tomography has imaged a 700-
km-long northeast-trending zone of high shear-wave velocity and
negative radial anisotropy around the INZ, which could be result
of mafic-ultramafic, dyke-dominated magma storage system of the
ELIP (Liu ef al. 2021).

Thermomechanical models have predicted that the mantle plume
postulated to have formed the ELIP should have generated a typical
domal crust-mantle structure owing to strong plume-lithosphere in-
teraction (Campbell & Griffiths 1990; Xu ez al. 2007). This structure
should show a gradual decrease in crustal thickness from the centre
to the margins of the dome (Xu et al. 2007). The thermal effects of
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a modern mantle plume are generally associated with geophysical
responses to high lithospheric temperatures, such as seismic veloc-
ity and density anomalies within the lithosphere, which make the
uppermost mantle an ideal target for seismological investigations.
However, the ELIP is associated with an ancient plume that formed
at ca. 260 Ma (Zhong et al. 2014), and the thermal structure asso-
ciated with this Permian mantle plume activity may have decayed
long ago. In addition, the lithosphere associated with the ELIP has
migrated at least 3000 km to the north since its formation during the
Permian (Huang et al. 2018). Fortunately, the continental crust (and
possibly the lower lithosphere) can potentially preserve imprints of
past dynamic evolution in the form of lithospheric composition and
structure (Hawkesworth et al. 2013). Geophysical investigations
may therefore be effective in identifying ancient mantle plumes by
generating constraints on the composition and geometric structure
of these ancient structures in the lithosphere, such as their crustal
thickness and the depths/locations of intracrustal interfaces and the
lithosphere—asthenosphere boundary (LAB).

Although geochemical evidence has been instrumental in infer-
ring the origins of the ELIP (e.g. Xu ef al. 2007), geophysical
investigations have also been used to provide better constraints
on the formation of the province. The observed positive residual
gravity and corresponding high density across the ELIP have been
attributed to large-scale mafic/ultramafic magmatic intrusions as-
sociated with a Permian plume eruption (Deng et al. 2014). The
depth-migrated profile of calculated compressional-wave (P wave)
receiver functions (PRFs) from a passive seismic profile across the
ELIP has been interpreted as showing a 15-20-km-thick mafic layer
that extends laterally for 150-180 km along the base of the crust
in the INZ (Chen et al. 2015). Chen et al. (2015) attributed such a
mafic layer to magmatic underplating at the base of the crust and
intraplating within the upper crust. However, these inferences were
based largely on a linear (2-D) profile. Wang et al. (2017) used
calculated PRFs from 141 permanent stations and 785 temporary
stations in the southeastern margin of Tibet to obtain values of
crustal Poisson’s ratio and thickness across that region. Although
these results have provided reliable constraints on the geometry of
the Moho along the southeastern margin of Tibet, the origin of the
ELIP was not the focus of the previous studies. Reliable evidence
for the existence of a Permian mantle plume is still lacking due to
the absence of dense geophysical observations, with most of the ev-
idence for the lithospheric structure of the ELIP having been based
on geological and geochemical studies (e.g. Xu et al. 2007).

Here we calculate PRFs and shear wave receiver functions
(SRFs)—two useful tools for exploring the crust and upper mantle
structures—for the study area (Fig. 1). We also use data from a suite
of geophysical methods to obtain a self-consistent 3-D model of the
lithosphere of the ELIP and surrounding region and provide new
insights into the origins of the ELIP. Our results provide a better
understanding of the structure of the lithosphere beneath the ELIP
and surrounding region, especially the structure of the lithospheric
mantle.

2 DATA AND METHODS

One permanent and two temporary seismic arrays deployed across
the southeastern margin of Tibet provided the original 3-component
seismic-waveform data used in this study (Fig. 2a). The permanent
seismic array has 118 permanent stations belonging to the China Re-
gional Seismic Network and has been installed since 2008 (Fig. 2a).
We selected numerous teleseismic events that occurred during the
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years 2010-2017: 114 M, > 6.8 earthquakes at epicentral distances
of 60-165° (Fig. 2b) to extract SRFs and 379 M, > 6.5 earthquakes
at epicentral distances of 30-95° (Fig. 2¢) to isolate PRFs. The
other seismic data sources used were the western Sichuan array,
with 288 broad-band stations with a spacing of 10-30 km that were
deployed during 2007-2009, and the ChinArray project with 350
broad-band stations with a spacing of ~35 km that were in opera-
tion during 2011-2014. Each of the stations in these two temporary
seismic arrays was equipped with either a CMG-3ESPC or CMG-40
seismometer and a REFTEK-130 recorder. We selected 259 earth-
quakes with magnitude M, > 5.4 recorded by the first temporary
array at epicentral distances of 30-95° (Fig. 2d), and 350 events
equally with magnitude M > 5.4 that were recorded by the second
temporary array within the same epicentral distance range (Fig. 2e).

PRFs can be obtained via a deconvolution algorithm to remove the
source and path effects, which isolates the P-to-S converted waves
from the P-wave coda that are generated at seismic discontinuities
(e.g. Langston 1979; Ammon 1991; Zhu & Kanamori 2000). After
a visual inspection of the three-component seismograms, we rotated
all seismic traces from the ZNE coordinate system to the LQT ray-
based coordinate system, then deconvolved the L component from
the O component in the time domain (Ligorria & Ammon 1999).
To eliminate noise and obtain high signal-to-noise ratio receiver
functions, we applied a low-pass Gaussian filter with a controlled-
bandwidth parameter of « = 2.5 to isolate PRFs (Langston 1979;
Peng et al. 2019). Finally, we used common conversion point (CCP)
stacking (Dueker & Sheehan 1998) to construct seismic profiles
from the PRFs in the time domain, and a back-projection technique
(Yuan et al. 1997) to construct a migrated image of the PRFs in the
depth domain.

SRFs can isolate the S-to-P converted energy from the direct S ar-
rivals (Yuan et al. 2006), and they possess a potential advantage over
PRFs because the converted P-wave energy travels more quickly
than the incoming S-wave energy, such that SRFs are relatively free
of contaminated energy owing to first-order multiples. SRFs are
therefore highly suitable for exploring the LAB and other upper-
mantle low-velocity zones (e.g. Yuan et al. 2006; Li ef al. 2007).
Similarly, we deconvolved the O component from the L component
and used a low-pass Gaussian filter with a controlled-bandwidth
parameter of @ = 1.0 to isolate SRFs. The time axis of the SRFs
was reversed, such that the converted phases at discontinuities in the
crust and upper mantle appear after the direct S wave, to display the
SRFs in the same way as the PRFs. We also reversed the amplitudes
of the SRFs, meaning that negative amplitude indicates a negative
velocity gradient with depth and vice versa. Finally, we followed
the procedure developed by Dueker & Sheehan (1998) to shift the
SRFs from the time domain to the depth domain for measuring the
depth of the LAB beneath the seismic stations.

3 RESULTS

3.1. Moho and LAB depths from SRFs

Fig. 3(a) shows the stations that were used to extract SRFs. All of
these waveforms calculated at different stations were shifted from
the time domain to the depth domain using a model modified from
the IASP91 model (Kennett & Engdahl 1991) based on the H—k
stacking results (Wang et al. 2017) and after being stacked into
a single trace to deduce the respective Moho and LAB depths.
Fig. 3(a) shows four reference profiles (A—B, C-D, E-F and G-H)
at different latitudes across the ELIP, and Figs 3(b)—(e) shows the
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Figure 2. Broad-band seismic stations and earthquakes used in the study. (a) Locations of seismic stations. Red circles represent the permanent stations of
the China Regional Seismic Network, and black and blue triangles indicate the temporary ChinArray and western Sichuan arrays, respectively. Black lines
depict the main regional faults. (b) Earthquakes recorded at permanent stations at epicentral distances of 60—165° (small circles on a world map) and used to
isolate the SRFs. (c¢) Earthquakes recorded at permanent stations at epicentral distances of 30-95° and used to isolate the PRFs. (d) Earthquakes recorded by
the western Sichuan array (blue triangles) at epicentral distances of 30-95° and used to isolate the PRFs. (e) Earthquakes recorded by the ChinArray (black

triangles) at epicentral distances of 30-95° and used to isolate the PRFs.

stacked SRFs along these profiles. The positive and negative S-to-P
phases in the SRFs are highlighted by black and grey colours, and
the maximum positive and negative amplitudes following incident
S waves are interpreted as the converted phases at the Moho and
LAB, respectively. It is worth noting that the slopes of the converted
phases at the Moho that were recorded at some stations, such as PZH,
HLI, SMK and PGE, are substantially broadened, which suggests
that the Moho surface may be undulating. To check the coher-
ence between individual SRFs and their stacked trace, as shown in

Fig. S1 in the Supplementary Information, we plotted the individ-
ual and stacked SRFs for stations QIJ, XSB, YYU, PGE, DOC,
PZH, HLI and SMK, which are installed in the northeastern INZ.
Although the LAB is characterized by weaker seismic impedance
than that of the Moho, it is noted that the S-to-P converted phases at
the LAB for the individual SRFs exhibit better coherency than the
S-to-P converted phases at the Moho (see Fig. S1), which suggests
that the Moho may be more irregular than the LAB beneath the
northeastern INZ of the ELIP.
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Figure 3. Stacked SRF profiles across the position of the head of the postulated Permian plume. (a) Permanent regional broad-band seismic stations (black
triangles) and seismic profiles (A-B, C—D, E-F and G—H). Green triangles represent more than 90 stations that recorded either a double-lobe (or broadened)
Pms phase or a positive converted phase at ~5 s in addition to the Pms phase. Grey areas represent the Emeishan basalts, and the orange area marks the extent
of the underplated layer. Red circles mark the positions of large V-Ti, Ni—Cu and Pt—Pd deposits. Dashed and solid lines denote the major faults (Fig. 1) and
seismic profiles, respectively. The dashed red line depicts an area characterized by extremely mafic composition in the crust (Li et al. 2021). (b)—(e) Stacked
SRF traces from the stations located within 45 km of a given profile. Station names are provided at the tops of the stacked traces. Black and grey wavelets
represent positive and negative polarity phases, respectively. ‘Smp’ denotes the S-to-P converted phase at the Moho, and ‘Slp’ (red dots) represents the S-to-P

converted phase at the LAB.
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To draw contour maps of the Moho and LAB surfaces, we picked
the Moho and LAB depths at each of the stations and then used
GMT software (Wessel & Smith 1998) to perform a spline interpo-
lation (Fig. 4). Values close to the margins of study area may not
be reliable and were therefore not considered in the following anal-
ysis. The crustal thickness deduced from SRFs exhibits thickening
towards the northwest and ranges from ~33 km in southern Yunnan
Province to ~66 km across the Lijiang—Xiaojinhe fault (Fig. 4a).
There is a marked increase in crustal thickness from ~33 to ~50 km
around Panzhihua City, near station PZH (Fig. 4a), where the litho-
sphere is quite thin, with a thickness of ~70 km (Fig. 4b). This
thin lithosphere is located within the INZ of the ELIP (Fig. 4b) and
belongs to the Yangtze Craton (Xu et al. 2020). The depth of the
LAB is largely in the 130160 km range within the Yangtze Craton,
with the exception of the extremely thin lithosphere around Panzhi-
hua City, and the thickest lithosphere (~160 km) lies beneath the
central Sichuan Basin (Fig. 4b). The Indochina block, which lies
to the west of the Jinshajiang—Red River fault (Fig. 1) and is con-
sidered to constitute a series of extrusions from the eastern margin
of Tibet that occurred during the early collision stage (Tapponnier
et al. 2001), has a crustal thickness of ~33 km and a LAB depth
of only ~90 km (Figs 4a and b). Due to the collection of a large
number of teleseismic data, the current works provide a more re-
liable map of the lithospheric structure than our previous results
(Hu et al. 2012).

3.2. CCP stacking profiles and depth-migrated PRF
images

PRFs are sensitive to seismic discontinuities that generate P-to-S
converted waves. These P-to-S converted arrivals depend on the
ray path angle of incidence and the depth of the discontinuity (e.g.
Langston 1979; Ammon 1991; Zhu & Kanamori 2000). To reveal
the conversion signatures within the crust, the individual PRFs in
the time domain were moveout corrected to a reference distance of
67° using the IASP91 model (Kennett & Engdahl 1991). We then
applied the CCP stacking scheme of Dueker & Sheehan (1998) to
obtain PRF profiles along latitudes 28°N, 27°N and 26°N (Figs 5a—
¢). The seismic traces were stacked within moving bins measuring
0.40° wide and 0.25° long based on the locations of the piercing
point at 40 km depth. The Moho discontinuity represents a major
change in velocities, compositions and rheology, thus the Moho
P-to-S converted wave (Pms) is often the largest signal follow-
ing direct P. The Pms arrivals generally occur in the 5-8 s range
along the three profiles, which suggests the existence of pronounced
lateral variations in crustal thickness. The Pms phases within the
central INZ of the ELIP (101-103°E) exhibit an obvious broadened
wavelet that potentially possesses double-lobe features (Fig. 5a),
with significant increases in the delay times of the Pms phases in
the central INZ, which implies the existence of a thick crust. How-
ever, these features are not observed in the IMZ of the ELIP. Two
other dominant signatures can be recognized within the crust, they
will be interpreted as Conrad Discontinuity (CD, at ~2.5-3 s), and
the underplating interface (Ul, at 4-5 s) in the following section.
However, they are observed only locally other than along the entire
profile.

We investigated the lateral variation in converted Ps/P energy by
back-projecting the individual PRFs along their respective paths,
dividing the depth section into small boxes, and stacking the back-
projected data within the same box. We used the 1-D IASPI1 refer-
ence earth model (Kennett & Engdahl 1991) to calculate the piercing

points at certain depths during this operation. Each box spanned a
20 km x 45 km horizontal interval and a 1.5 km vertical interval.
We searched for all of the depth-migrated PRFs that were located in
a given box, following which the back-projected individual ampli-
tudes of PRFs falling in one box were stacked into a single value,
which represents the converted Ps/P energy at the position of the
box. The three depth-migrated profiles across the INZ of the ELIP
are shown in Figs 5(d)—(f). In these profiles, positive P-to-S phases
that occur at a depth range of ~40-65 km are interpreted as the
Moho, and a gradual decrease in the depth of the Moho is observed
from the INZ to the IMZ of the ELIP. The greatest depth of ~65 km
is located in the northern INZ. In addition, a significant positive con-
verted phase signature also exists at a depth of 35—40 km beneath
the central INZ of the ELIP.

To reduce the influence of crustal velocities on the time-to-depth
conversion, we used the crustal thickness and average Vp/Vs ratios
determined by the H—£ stacking method (Wang et al. 2017) to mod-
ify the IASP91 model. To reduce the complexity for imaging, we
created a 1-D velocity model with grid cells of 1° x 1° and built
the depth-migrated images in the grid cells, following which the
images in each grid cell were combined into a single profile. As
shown in Figs 6(a)—(c), the first-order patterns of the Moho topog-
raphy in the profiles along 28°N, 27°N and 26°N are similar to those
from the IASP91 model (Figs 5d—f), but the deepest Moho in the
northern INZ is only ~55 km, which is similar to those obtained
by both the H—k stacking results (Wang ef al. 2017) and the SRFs
(see Fig. 4a). Nonetheless, the Moho topography pattern generated
by the modified models does not exhibit significant variation in the
southern ELIP, suggesting that the crustal structure may be close
to that of the IASP91 model. To provide tight constraints on the
positive converted phase signature at 35-40 km depth beneath the
central INZ of the ELIP, we also created three other depth-migrated
images along longitudes 101°E, 102°E and 103°E (Figs 6d—f). Ex-
cept for the converted phases at the Moho, the pronounced posi-
tive converted phase at 35—40 km depth is most clearly revealed
in the profile along 102°E, and its position is located in a lon-
gitude range of ~101-103°E and a latitude range of ~26-29°N
(Figs 6 and S2).

3.3. P-to-S converted phases at an intracrustal interface

To verify our observations, we checked the individual and stacked
PRFs recorded at each station and plotted the stacked PRFs at 93
stations located near the northeastern INZ of the ELIP (see the
green triangles in Fig. 3a). All of these stacked traces are shown
in Fig. 7. As a dominant feature, most of the P-to-S converted
phases occur at 5-8 s and are represented by a positive double-lobe
or a broadened wavelet. In addition to the wavelet, another P-to-
S converted phase occurs at ~5 s. For example, the stacked trace
at station YYU (Fig. 7a) is a typical example with two positive
converted phases: one at ~5 s and another much more delayed at
~8 s, corresponding to depths of ~40 and ~60 km, respectively.
We checked the coherence between the individual PRFs and the
stacked trace to test the reliability of these stacked traces, with
Fig. S3 demonstrating that the individual PRFs are consistent with
the stacked traces. Another feature is that these 93 stations are
primarily distributed along a north—south-trending zone around the
northeastern INZ (see orange area in Fig. 3a), whose position and
lateral extent are similar to those of high shear wave velocity and
negative radial anisotropy inferred from surface wave tomography
(Liu et al. 2021).
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Figure 4. SRF-derived Moho (a) and LAB (b) contour maps (depth in km). The large black triangle marks the location of station PZH installed in Panzhihua
City. Small triangles indicate permanent seismic stations, and dashed lines denote major faults. The wide red line marks the extent of the underplated layer (see

orange area in Fig. 3a).
4 DISCUSSION

4.1. Interpretation of the LAB topography

The LAB is a first-order feature in many geodynamic models and
plays an important role in mantle dynamics, although it is gen-
erally difficult to determine because of its locally weak seismic
impedance. SRFs are suitable for imaging the mantle lithosphere
as they theoretically allow a spatial resolution of ~6 km vertically
and ~60 km horizontally, and synthetic tests have indicated spatial
resolutions of ~10 and ~20 km for the LAB, respectively (Li et al.
2007). Our SRF results reveal a highly variable thickness of the
lithosphere. The Indochina block, to the west of the Jinshajiang—
Red River fault, is characterized by a predominantly shallow LAB
(Fig. 4b) and thin crust (Fig. 4a), with LAB and Moho depths of
80-90 and 33-39 km, respectively. The Tengchong volcanic field
(TVF) located in the northern block of Indochina (Fig. 8) comprises
68 volcanoes and 145 hot springs, with the last eruption having oc-
curred in AD 1609, and it emits a high heat flow of ~120 mW m™
(Jiang et al. 2016). P-wave tomographic images have shown that
there is an extremely low-velocity zone in the depth range of 100—
400 km (Lei et al. 2009), which is reasonably consistent with our
results. The thinning of the lithosphere and formation of the TVF
are attributed to the hot mantle upwelling induced by the north-
eastward subduction of the Indian plate below Burma during the
Cenozoic (Lei et al. 2009).

In contrast, to the east of the Jinshajiang—Red River fault, the
depth of the LAB of the Yangtze Craton, which is bounded by
the Longmenshan, Lijiang—Xiaojinhe and Jinshajiang—Red River
faults to the west (Fig. 1), varies gradually from ~70 km below
central Yunnan Province to ~160 km beneath the Sichuan Basin

(Fig. 4b). The shallowest LAB (~70 km) is observed in the central
INZ of the ELIP. The lithosphere thickens abruptly from ~100 to
~160 km to the northwest of the Lijiang—Xiaojinhe fault in eastern
Tibet. Unlike the Indochina block, the Yangtze Craton is an old,
cold and rigid block (Xu et al. 2020) characterized by low heat flow
(Fig. 8), except at the margin of the craton. Previous SKS shear
wave splitting results indicate that there is a significant deformation
transition zone near ~26°N, suggesting that the deformation style
of the upper mantle beneath the southern SYDSB differs substan-
tially from that of the northern SYDSB (Wang ef al. 2008). To the
north of ~26°N (corresponding to the plateau region north of the
Lijiang—Xiaojinhe fault; Fig. 1), the appreciable deformation of the
lithosphere (Fig. 4) can be related to the Indian—Eurasian conti-
nental collision, with the lithospheric thickening being attributed
to obstruction of the lithospheric-scale escape flow from eastern
Tibet by the rigid Yangtze Craton (Zhang et al. 2010). However, the
shallowest LAB observed at ~70 km depth in the central INZ of the
ELIP cannot be explained by the India—Eurasia collision because
of the aforementioned deformation transition zone near ~26°N and
the absence of an extremely low-velocity zone in the upper mantle
beneath the southern SYDSB (Lei et al. 2009). In Section 4.4, we
investigate the thinning of the lithosphere in the central INZ of the
ELIP.

4.2. Seismic signature in the lithosphere

Beneath the INZ of the ELIP, the crust is characterized by high
Vp/Vs ratios (Chen et al. 2015), high seismic wave velocities (Xu
et al. 2015), and 15-20 km thickening (Chen et al. 2015; Xu et al.
2015). For determining crustal thickness, PRFs have an advantage
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Figure 5. (a)—(c) CCP stacking profiles of the PRFs along (a) 28°N, (b) 27°N and (c) 26°N. Profiles were obtained by stacking the traces in the time domain
that fell within moving bins measuring 0.40° wide and 0.25° long based on the locations of the piercing points at 40 km depth. ‘Pms’ denotes the P-to-S
converted phases at the Moho. (d)—(f) PRF depth-migrated profiles of crustal structure based on the IASP91model (Kennett & Engdahl 1991) along (a) 28°N,

(b) 27°N and (c) 26°N. UI, underplating interface; CD, Conrad discontinuity.

over SRFs in that they do not need a reference Earth model to
calculate crustal depth. Wang et al. (2017) used the H—k stack-
ing algorithm (Zhu & Kanamori 2000) to obtain values of crustal
thickness and Poisson’s ratio (see Fig. 9) from PRFs recorded at
the above-mentioned three arrays. Their results revealed that the
crustal thickness decreases from ~60 km in the northern SYDSB
to ~30 km in southern Yunnan. The pattern of Moho topogra-
phy deduced from PRFs (Fig. 9a) is generally consistent with that
given by SRFs (Fig. 4a), with the largest discrepancy of ~6 km

being located in the northern SYDSB, where the crustal thickness
is ~60 km. In addition to a larger dominant period in the SRFs
compared with the PRFs, in the case of a deep conversion discon-
tinuity, this discrepancy may be due to the fact that SRFs sample a
broader area than PRFs at the same focal distance, so the converted
phases generated by a laterally heterogeneous structure could con-
taminate the converted phases at the Moho and LAB. However, our
Moho topography for the INZ is very similar to that obtained by
Wang et al. (2017), with one notable feature of our results being
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Figure 6. (a)—(c) PRF depth-migrated profiles of the crustal structure using a serials of 1-D velocity model with a grid cell size of 1° x 1° along (a) 28°N, (b)
27°N and (c) 26°N. (d)—(f) PRF depth-migrated profiles of the crustal structure using a serials of 1-D velocity model with a grid cell size of 1° x 1° along (d)
101°E, (e) 102°E and (f) 103°N. These 1-D reference models are modified from the IASP91model (Kennett & Engdahl 1991) based on the Vp/Vs and crustal
thickness obtained by H—k stacking results (Wang et al. 2017). After building the depth-migrated image in each grid cell using the 1-D model, the images were
combined into one profile. It is noted that the Moho obtained by these models along the 28°N profile is clearly shallower than that obtained by the IASP91

model. However, there is no clear difference along the 26°N and 27°N profiles.

the increase in crustal thickness from ~42 km in the southern INZ
to ~57 km in the northeastern INZ. Fig. 9(b) shows that the crustal
Poisson’s ratio varies from 0.24 to 0.32, with high Poisson’s ratio
values of >0.28 occurring mainly along deep, large faults, such as
the Xianshuihe, Lancangjiang, Jinshajiang—Red River and Long-
menshan Faults. High bulk crustal Poisson’s ratios beneath these
faults (Fig. 9b) correspond to the locations of low-velocity zones,

which may be related to the presence of partial melt (Wang et al.
2017). Here, we focus mainly on the high Poisson’s ratio values
of >0.28 around the northeastern INZ, which is characterized by
a thick underplated layer along the base of the crust, as explained
in the Section 4.3 (also see the area marked by the wide red line in
Fig. 9). Previous studies (e.g. Zandt & Ammon 1995) have demon-
strated that the lower crust must have a value of Poisson’s ratio
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Figure 7. Stacked PRF traces at 93 stations (identified next to each trace on the left-hand side of each plot) located near the INZ and its surroundings (green
triangles in Fig. 3a). All of these stations show either a double-lobe (or broadened) Pms phase or a positive converted phase at ~5 s in addition to the Pms

phase. ‘Pms’ denotes the P-to-S converted wave at the Moho.

of ~0.30 if the bulk value of the entire crust is higher than 0.28.
This range of Poisson’s ratio and high Vp for the lower crust may
reflect a mafic composition or the presence of water or another
volatile component under high pore pressure. High pore pressure
also decreases the velocity of both P and S waves substantially.
The observed high Vp (Xu et al. 2015) and high Poisson’s ratio
(Wang et al. 2017) of cratonic lower crust strongly suggest a mafic
composition of the northeastern INZ rather than other factors. It is
noted that the Sichuan Basin is generally regarded as the core of
the Yangtze Craton, and the high Poisson’s ratio of >0.28 within its
crust is attributed primarily to a thick sedimentary layer of ~10 km
thickness rather than a mafic composition (Wang et al. 2017).

The Pms delay times provide tight constraints on the Moho depth,
as the wavelet and polarity of this converted phase provide infor-
mation on the velocity contrast that generates the signal. A positive
polarity generally indicates a positive velocity gradient, and vice

versa. Our results demonstrate that two positive polarities are rec-
ognizable in the stacked PRFs both in the time domain (Figs Sa—)
and in the migrated images in the depth domain (Fig. 6). The two
observed phases occur at ~5 and ~8 s in the central INZ, with cor-
responding depths of ~40 and ~55 km, respectively. We interpret
that the deepest converted phase is Pms on the basis of its coher-
ence across the CCP profiles (Figs Sa—c) and results of a previous
study (Chen et al. 2015). The crustal thickness in the ELIP obtained
from depth-migrated PRFs (Figs 6 and S2) approximately matches
the H—k stacking results (Fig. 9a). Despite a reference earth model
being required to produce depth-migrated PRF images, this match
shows the Moho discontinuity with a high degree of reliability and
that this modification to the IASP91 model using H—k results can
be used to image crustal structure.

The CD is marked by the continuous positive amplitudes at ~2.5—
3.0s (Figs Sa—c) or a depth of ~20-25 km (Figs 6 and S2). It appears
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Figure 8. Heat-flow contour map (modified from Jiang et al. 2016). Black
triangles denote measurement sites. The provided values are in mW m™2.
The circle denotes the Tengchong volcanic field (TVF), and dashed lines
denote major faults (Fig. 1). Wide black lines mark the boundaries between
the inner, intermediate, and outer zones of the ELIP. The wide red line marks
the extent of the underplated layer (see orange area in Fig. 3a). The large
red triangle marks the location of station PZH installed in Panzhihua City.

almost entirely throughout the profiles along 28°N and 29°N, and
locally in the other profiles (Figs 6 and S2). The depth range (20—
25 km) at which the CD appears corresponds to the base of the
upper crust revealed by sounding profiles (e.g. Wang et al. 2007;
Xu et al. 2015).

The positive converted phases observed at 4-5 s (Figs Sa—c) or
~35-40 km depth (Figs 6 and S2) in the INZ are marked with
the acronym ‘UI’ (‘underplating interface’) in the figures. The Ul
occurs 15-20 km above the Moho and covers an area of ~150—
200 km in the east—west direction and ~400 km in the north—south
direction (Figs 3a, 6 and S2). However, marked converted phases
are observed along 101-103°E and 26-28°N, particularly along the
profiles of 27-28°N and 102°E (Figs 6 and S2), but are seen only
locally in the other profiles. Surface wave tomography images of
the lithosphere under the ELIP confirm that a ~15-km-thick high-
velocity layer exists near the Moho in the INZ (Liu et al. 2021).
The depth-migrated image of PRFs from a passive profile along
~27°N suggests that a mafic layer of 15-20 km thickness and 150—
180 km width exists at the base of the crust in the INZ (Chen et al.
2015). These results strongly support our observations and suggest
that such a high-velocity layer existed near the Moho should be
attributed to magmatic underplating at the base of the crust.

As shown in Fig. 7, the two P-to-S converted phases that occurred
at ~5 s (corresponding to ~40 km depth) and ~7 s (correspond-
ing to ~55 km depth) are confirmed by a previous linear passive
seismic profile (Chen et al. 2015), although they are observed pri-
marily around the northeastern INZ. The former converted phase
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could be generated at an intracrustal interface, or it could be the
multiple converted phase PpPs at either crystalline basement or the
CD. Synthetic experiments (Hazarika et al. 2012) have confirmed
that a converted phase at crystalline basement could superpose on
the direct P wave and broaden the direct P wave, and that the di-
rect P wave is followed by a negative phase instead of a positive
conversion phase. This experiment provides a priori knowledge for
distinguishing converted phases at intracrustal interfaces from those
at sediment. In comparison, the arrival time of the PpPs phase is
~3.5 times that of the Ps phase (Yang ef al. 2011). The P-to-S
converted phase at the CD occurred at ~2.5-3.0 s (Fig. 5), and
its multiple converted phase PpPs should thus appear at ~9-10 s.
Therefore, we propose that the former phase (~5 s) could not be
the multiple converted phase PpPs at either crystalline basement
or the CD, and interpret the former phase (~5 s) as an intracrustal
reflector and the latter (~7 s) as the Moho on the basis of previous
studies (Chen et al. 2015; Wang et al. 2017; Xu et al. 2020) and our
own results from SRFs and PRFs (Figs 4a, 6 and S2).

These broadened and double-lobe Pms phases suggest that the
Moho beneath the stations consists of either a sloped surface or
possibly two discontinuities. However, these double-lobe phases
would be combined into one wavelet with decreasing seismic wave
frequency. The calculated SRFs from stations PZH, HLI, SMK and
QI (Fig. 3a) possess S-to-P converted phases at the Moho that
are also significantly broadened (Fig. 3c); this occurs because the
SRFs cannot distinguish between the two interfaces on account
of the lower resolution compared with the PRFs. The temporal
variability of these converted phases suggests that the Moho is
highly irregular around the northeastern INZ. Based on the results
of previous studies (Chen et al. 2015; Wang et al. 2017; Liu et al.
2021), we interpreted the intracrustal reflector with high velocity
as a cooled mafic underplated layer. Taking into consideration the
spatial distribution of the 93 seismic stations that recorded either
a double-lobe (or broadened) Pms phase or a positive converted
phase at ~5 s except for the Pms phase on the stacked PRFs (green
triangles in Fig. 3a), as well as the inferred underplating in the
depth-migrated PRF images (Figs 6 and S2), we depict a possible
location of the underplated layer immediately below Panzhihua City
and its surroundings (orange area in Fig. 3a). This underplated
layer extends for 150-200 km in the E-W direction and ~400 km
in the N—S direction. Its position corresponds closely to that of a
highly mafic crust (~55.7 wt. per cent SiOy; Li ef al. 2021) in the
northeastern INZ of the ELIP (Fig. 3a).

4.3. Gravity anomalies and lithospheric composition of
the ELIP

Satellite gravity observations possess a key advantage over seismic
observations in that they are not limited by the number and locations
of recording stations. Measured Bouguer gravity anomaly is a sum-
mation of all density differences within the lithosphere with respect
to the reference Earth model. The raw Bouguer gravity anomaly
data were generated from the EGM2008 model (Pavlis et al. 2012).
As shown in Fig. 10(a), the contour map of Bouguer anomalies indi-
cates that the Bouguer anomaly varies from—200 in the central INZ
of the ELIP to—240 mGal in the IMZ and is smaller than in other
areas surrounding the INZ, suggesting the existence of either a shal-
lower Moho or a higher density anomaly in the lithosphere beneath
the central INZ than anywhere else. However, our observations and
previous studies (e.g. Wang et al. 2017) did not support this in-
ference on a shallow Moho in the central INZ. Deng et al. (2014)
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Figure 9. Contour maps of crustal thickness (a) and Poisson’s ratio (b) obtained by Wang et al. (2017). The large black triangle marks the location of station
PZH installed in Panzhihua City. Thin dashed black lines denote major faults (Fig. 1), and wide black lines mark the boundaries between the inner, intermediate,
and outer zones of the ELIP. The wide red line marks the extent of the underplated layer (see orange area in Fig. 3a).

used a gravity-stripping method to remove the gravitational effects
associated with sediments, crust and mantle lithosphere from the
Bouguer gravity anomaly and obtained residual gravity anomalies.
The consequent residual gravity reflects mainly the compositional
density anomaly of the lithosphere with respect to the reference
earth model. The results of Deng ez al. (2014) showed the exis-
tence of a pronounced positive anomaly of +150 mGal in the INZ
of the ELIP that decreases gradually with distance from the INZ
(Fig. 10). An inverted density anomaly model shows that the INZ
has a higher density anomaly (+0.06 gcm™) than the intermediate
(40.04 g cm™) and outer (4+0.03 g cm™) zones, and that the affected
region expands to ~120 km depth in the INZ as it approaches the
surface, whereas its influence decreases radially away from the INZ.
A remarkable positive residual gravity anomaly exhibits close re-
lationships with the spatial distribution of the inferred underplated
layer in this study (see Fig. 10b), the low heat flow (Fig. 8), and
the moderate—high values of Poisson’s ratio (Fig. 9b). This high-
density anomaly demonstrates the existence of large-scale magma
intrusions into the lithosphere and crust along existing faults in the
INZ, with the density of the rock mass consequently increasing
gradually with time.

As well as the high Poisson’s ratios in the northeastern INZ
(Wang et al. 2017), an extremely mafic crust (~55.7 wt. per cent
Si0;) has been found there (Li er al. 2021; see Fig. 3a), whose
position and lateral extent are similar to those of the high-density
anomaly (Fig. 10b), suggesting that the magma intrusion is com-
posed of mafic materials. In addition to the formation of abun-
dant basalts at the surface of the ELIP, the cooled mafic magma
could have formed an underplating layer with high velocity near

the Moho. In addition to the pronounced positive residual grav-
ity anomaly providing an additional piece of independent evidence
for the existence of mafic magma underplating in the northeastern
INZ and its surrounding region, it also suggests that the lateral ex-
tents of ~200 km in the E-W direction and ~400 km in the N-S
direction are similar to those inferred from the underplated layer
depicted by the P-to-S converted phases at the studied intracrustal
reflector (Fig. 10b), suggesting that the PRF analysis results are
reliable.

4.4. Geodynamic implications

The INZ of the ELIP is currently located along the southeastern mar-
gin of Tibet, where the crust has undergone southeastward extension
owing to continental collision between India and Eurasia during
the Cenozoic (e.g. Clark & Royden 2000). The lower-crustal-flow
model suggests that weaker lower-crustal materials have been flow-
ing through the lower crust from central Tibet to Yunnan Province
(Clark & Royden 2000; Royden et al. 2008), with crustal inflation
occurring mainly within the lower crust. A continuous 15-20-km-
thick mafic underplated layer is observed in the depth-migrated
image in the region of 101-103°E and 26-29°N (Figs 6 and S2).
Furthermore, the thickest portion of this underplated layer is cen-
tred beneath Panzhihua City and its surrounding region, which is
recognized as a mineral-rich zone (particularly non-ferrous metals)
and coincides with the thinnest lithosphere in the region (Figs 3a
and 4b). In fact, the INZ of the ELIP is an important zone for V-Ti,
Ni—Cu and Pt-Pd deposits in China (Fig. 3a). If this lower-crustal
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marks the extent of the underplated layer (see orange area in Fig. 3a).

flow has indeed occurred, and has penetrated the southeastern mar-
gin of Tibet, then alterations to the nature and geometry of the crust
in the INZ of the ELIP would be unavoidable.

Our interpretation of magmatic underplating near the Moho ow-
ing to uplift of fossil mantle and the lack of modern hot mantle uplift
is supported by low heat-flow measurements of only ~50 mW m~2
in the central INZ (Fig. 8). Furthermore, this low heat flow in the
central INZ implies that the observed uplift of the LAB is unlikely
to be related to modern mantle dynamics. Recent palaeoaltimetry
studies (Hoke et al. 2014; Li et al. 2015) have indicated that the
plateau region north of the Lijiang—Xiaojinhe fault achieved its
approximate current elevation by the late Eocene and have also sug-
gested that the Lijiang—Xiaojinhe fault, which is the southwestern
extension of the Longmenshan fault, was probably the boundary of
the plateau during the late Eocene to early Miocene (Hoke et al.
2014; Lietal. 2015). Our results also indicate that the region near the
Lijiang—Xiaojinhe fault, which is the northern border of the ELIP, is
characterized by surface elevation (Fig. 1) and significant gradients
of crustal thickness (Figs 4a and 9a) that could not be maintained if
lower-crustal flow penetrated across the fault into the southeastern
margin of Tibet (Bao et al. 2020). Crustal inflation has occurred in
the lower crust beneath the northern region of the Lijiang—Xiaojinhe
fault. Furthermore, the S-wave velocity structure from a joint inver-
sion of Rayleigh wave dispersion, Rayleigh wave ZH spectral ratios
and PRFs demonstrate that the local, mechanically strong crust be-
neath the INZ has obstructed southeastward crustal ductile flow and
that thick crust-mantle transition zones exist beneath the INZ of
the ELIP (Yang et al. 2020). These results also support our inter-
pretation that the broadened or double-lobe Pms and broadend Smp

phases are due to either a gradient Moho or an intracrustal reflector
near the Moho. Therefore, we conclude that the observed magmatic
underplating probably did not result from lower-crustal flow from
central Tibet during the collision between India and Asia. Instead,
we attribute this underplating to a large-scale fossil magmatic intru-
sion, such as a Permian mantle plume. Furthermore, if we assume
crustal isostasy, then such large-scale magmatic underplating near
the Moho would yield permanent kilometre-scale surface uplift. It is
therefore suggested that the Emeishan basalts were strongly eroded
via weathering and other subaerial processes as a response to this
pronounced surface uplift, which may explain why there are almost
no erosional remnants of Emeishan basalts within the INZ.

The southeastern margin of Tibet has undergone significant
clockwise rotation around the EHS since 4 Ma owing to the
lower-crustal flow injection and to deformation associated with
the reversed motion of the Jinshajiang—Red River fault during the
Miocene—Pliocene (Wang et al. 1998; Clark & Royden 2000; Wang
& Burchfiel 2000; Clark ef al. 2005). The portion of the INZ along
the southern SYDSB could realistically have undergone southeast-
ward extrusion based on this tectonic framework. However, Li et al.
(2015) confirmed that this lateral extrusion was limited during the
later stage of India—Eurasia collision. GPS velocity measurements
have revealed southeastward movement of the SYDSB at ~10 mm
yr~! (Zhang et al. 2004); accordingly, we estimate that no more than
40 km of displacement could have occurred since 4 Ma, even if the
crust had been decoupled from the underlying mantle. Nonetheless,
SKS splitting has confirmed that the crust is coherently coupled
to the mantle north of ~26°N (Wang er al. 2008). Although ge-
ological studies (e.g. Zhang 2013) have concluded that the total
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Figure 11. Schematic diagram of the origin of the Emeishan basalts, up-
welling of hot mantle material and intrusion of melting material into the
lithosphere and crust (modified from Xu et al. 2007). The cooled mantle
materials not only strengthened the crust but also resulted in the formation
of a high-velocity zone in the lower crust. (a) Upflow of mantle reached
the bottom of the thick craton below the Sichuan Basin during the mid-
Guadalupian (Shellnutt ef a/. 2012) and caused smooth and slow uplift of
the surface. Melts began to form and partially penetrated the lithosphere.
(b) As the South China plate drifted northward, the lithosphere under the
present-day INZ moved just above the mantle upflow, and a major eruptive
episode started at 260257 Ma (Shellnutt ez al. 2012). The upwelling hot
mantle also removed the bottom of lithosphere by delamination, resulting in
a thinned lithosphere.

left-lateral displacement on the Xianshuihe fault is 90—100 km, this
displacement is too small to change the position of the magmatic
underplating and its origin in the upper mantle.

Plume—lithosphere interactions may either destroy strong cratons
by thermodynamic effects associated with the plume activity (e.g.
Hu et al. 2018) or strengthen the mantle lithosphere by developing
a craton-like mantle keel (Lee ef al. 2011). Applying the plate
reconstruction of Huang ez al. (2018), we propose a schematic plume
model to illustrate how the ELIP developed (Fig. 11). Assuming a
stationary Emeishan hotspot, upflow of mantle reached the bottom
of thick lithosphere but was unable to ascend much further until
a thinner lithosphere had developed above the mantle upflow (Liu
et al. 2021). However, as the South China Plate drifted northward,
the thick craton beneath the Sichuan Basin lay directly above the
mantle upflow during the mid-Guadalupian (Liu ez al. 2021) and
melts started to form, with the magma being able to penetrate partly
into the lithosphere and solidify within the crust as underplated
material and remain concealed beneath the large igneous province
(Fig. 11a). At the same time, the magma intrusion into the crust
caused slight uplift of the surface (Fig. 11a). This process may not
only have added high-density material into the deep crust (Rudnick
1990) but may also have promoted additional crustal thickening
through Moho deepening and/or uplift of the upper parts of the

crust via physical (e.g. thermal density buoyancy) and chemical
(e.g. melting, crystallization and differentiation) effects (Xu et al.
2007). Therefore, the underplating could be an indicator of plume
activity, and the centre of the underplated area could coincide with
the position of the head of the postulated plume.

As the South China block continued to move northward, a ma-
jor volcanic episode occurred at 260-257 Ma near the Yangtze
cratonic margin (Shellnutt ef al. 2012), which corresponds to the
present-day INZ (Fig. 11b). The upwelling hot mantle not only
strengthened the crust by underplating but also removed the bottom
of the lithosphere by delamination, resulting in a thinned litho-
sphere (Fig. 11b). In contrast to the Tarim Permian plume, in which
plume-lithosphere interactions strengthened the mantle lithosphere
by adding voluminous strong mafic rocks to the lithosphere and
developing a craton-like mantle keel beneath the stable Tarim Basin
(Xu et al. 2020), the northward drift of the South China block meant
that the cooled magma in the upper mantle was unable to develop a
craton-like mantle keel beneath the ELIP to maintain a thick litho-
sphere, which explains why the thinnest lithosphere (~70 km) is
observed in the central part of the INZ of the ELIP. However, as a
result of the uplift of upper crust in the INZ, most of the Emeishan
basalts on the surface were eroded, explaining the lack of erosional
remnants of Emeishan basalts at the surface across the INZ.

We interpret the ~400-km-long underplated layer from north
to south as a likely plume head; specifically, the layer repre-
sents the Emeishan hotspot track. Furthermore, we infer that the
scale of eruption may have been small during the early stage (the
mid-Guadalupian) due to the small lateral extent of the north-
ern part of the underplated layer. Variation in lithospheric thick-
ness can affect the route of magma transport and storage and
the location of major eruptions (Liu et al. 2021). The distinct
lithospheric properties below Panzhihua City and its surround-
ings, including the high-density, thickened underplated layer and
thinned lithosphere, suggest that the region of highly mafic crust
in the northeastern INZ (the area marked by the dashed red line in
Fig. 3a) likely coincides with the centre of the postulated mantle
plume.

5 CONCLUSIONS

Our study used SRFs and PRFs to characterize the geometry and
nature of the lithosphere underlying the ELIP in the southeastern
margin of Tibet. We discovered a 15-20-km-thick mafic under-
plated layer that extends for 150-200 km in the E-W direction
and ~400 km in the N-S direction on along the base of the crust
(Fig. 3a) in the northeastern INZ and its surrounding region, and
identified a dome-shaped crust-mantle structure below the under-
plated layer. We propose that these features are unlikely to be related
to the lower-crustal flow induced by India—Eurasia collision during
the Cenozoic and instead represent Permian mantle plume activ-
ity. We interpret the underplated layer as the concealed Emeishan
plume hotspot track and suggest that the head of the postulated
mantle plume is centred approximately beneath Panzhihua City and
its surroundings, where the lithosphere has thinned to ~70 km,
whereas the crust has thickened to ~55 km. Voluminous mafic in-
trusions and underplating would have simultaneously strengthened
the lower-middle crust. However, interaction between the Emeis-
han plume and the lithosphere, combined with the rapid northward
movement of the South China block during plume activity, destroyed
the Yangtze Craton in the plume region by removing the base of the
lithosphere.
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