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Three stages of plateau evolutionmanifested
in present-day Tibetan Plateau

Shihua Cheng 1, Xiao Xiao1, Li Sun2, Weilai Wang3, Jianping Wu3,
Xiaoxin Wang 1,2, Xiaofeng Liang4, Xiaobo Tian4, Hongyi Li5 &
Lianxing Wen 6

Notwithstanding the evolution of the Tibetan Plateau being a fundamental
topic in continental dynamics, general mechanisms of Plateau uplift remain
elusive and past Plateau evolution models lack clarity of the actual geodyna-
mical process. Here, with detailedmappings of intra-crustal low-velocity zones
and crust-mantle discontinuity in the region using the seismic data con-
solidated by the China Seismological Reference Model project, we show that
the present-day Tibetan Plateau manifests three stages of mid-crustal flow
driven evolution that can be clearly identified in three distinct regions of the
Plateau: a pre-response stage with a young mid-crustal partially molten zone
but little response of surface topography and crust-mantle discontinuity, the
first stage with amaturemid-crustal partiallymolten zone by deepening crust-
mantle discontinuity without large-scale surface uplift, and the last stage by
large-scale surface uplifting. Our results provide direct observation and a
unique reference of geodynamical responses at different evolution stages of
the continent-continent collision zones.

Many evolutionmodels of the Tibetan Plateau (the Plateau) have been
proposed, with general dynamical mechanisms ranging from con-
tinuous shortening and thickening of the Plateau1,2, rigid block
extrusion3–5 to mid-crustal flow6–10, and evolution history being
multiple-phase uplifting5,11–14. Yet, those general mechanisms remain
controversial and the proposed multiple-phase uplifting models lack
clarity of the actual geodynamical process.

The above studies demonstrated the importance of exploring
geological history and geodynamical modelling in advancing our
knowledge about the Plateau evolution. However, it is possible that
different regions of the present-day Plateaumay be at different stages
of continental plateau evolution and identifying those stages in the
present-day Plateau provides a straightforward way to decipher the
physical mechanism of the Plateau formation and geodynamical
responses at different evolution stages of the Plateau. In particular, the

spatial distribution and structural features of intra-crustal low-velocity
zones (LVZs) would provide insights into the most plausible mechan-
isms of the Plateau evolution, while the relationship between LVZs,
surface topography and the depth of the crust-mantle discontinuity
(the Moho discontinuity) could provide crucial information in identi-
fying regions at different stages of the Plateau evolution. Such an
approach, however, is hindered by the unclear picture of LVZ features
in the region and the poor resolution of the spatial variation of the
Moho depth. The existence of LVZs was well established in different
parts of the Plateau in many seismological studies15–22, but it remains
unclear what geographic extent the LVZs exist in, what the detailed
features of LVZs are and how the LVZ features vary within the Plateau.
The existence of low-resistance zones in the middle-to-lower crust,
likely associated with the LVZs reported in the seismological studies,
was also reported in some magnetotelluric studies beneath some

Received: 15 July 2024

Accepted: 18 September 2025

Check for updates

1Laboratory of Seismology and Physics of Earth’s Interior, School of Earth and Space Sciences, University of Science and Technology of China, Hefei, China.
2China Earthquake Networks Center, China Earthquake Administration, Beijing, China. 3Institute of Geophysics, China Earthquake Administration,
Beijing, China. 4State Key Laboratory of Lithospheric Evolution, Institute of Geology andGeophysics, Chinese Academy of Sciences, Beijing, China. 5State Key
Laboratory of Geological Processes and Mineral Resources, School of Geophysics and Information Technology, China University of Geosciences,
Beijing, China. 6Department of Geosciences, State University of New York at Stony Brook, Stony Brook, NY, USA. e-mail: lianxing.wen@stonybrook.edu

Nature Communications |         (2025) 16:9606 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-7185-2361
http://orcid.org/0000-0002-7185-2361
http://orcid.org/0000-0002-7185-2361
http://orcid.org/0000-0002-7185-2361
http://orcid.org/0000-0002-7185-2361
http://orcid.org/0000-0002-2098-775X
http://orcid.org/0000-0002-2098-775X
http://orcid.org/0000-0002-2098-775X
http://orcid.org/0000-0002-2098-775X
http://orcid.org/0000-0002-2098-775X
http://orcid.org/0000-0002-5344-6212
http://orcid.org/0000-0002-5344-6212
http://orcid.org/0000-0002-5344-6212
http://orcid.org/0000-0002-5344-6212
http://orcid.org/0000-0002-5344-6212
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64607-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64607-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64607-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64607-4&domain=pdf
mailto:lianxing.wen@stonybrook.edu
www.nature.com/naturecommunications


regions of the Plateau (Fig. 1a and Supplementary Table 1), but the
studied regions remain limited and the geometry and boundary
properties of those low-resistance zones cannot be clearly defined due
to the nature of magnetotelluricmeasurements. Similarly, the inferred
Moho depth exhibited poor spatial resolutions in the region due to
insufficient seismic coverage in the past (Supplementary Table 2).
Recent years have witnessed a drastic change of seismic coverage in
the region of the Plateau, especially with the launch of a national
initiative in China, the China Seismological Reference Model (CSRM)
project23, that has consolidated an unprecedented amount of seismic
data in the region.

In this study, we map out detailed geographic distribution and
characteristics of intra-crustal LVZs in and around the Plateau through
an approach of joint inversion of various seismic constraints derived
from the CSRM data. Together with the high-resolution crustal thick-
ness map produced by the CSRM project23,24, we examine possible
stages of continental plateau evolution in the present-day Plateau.

Results
Data and inversion of LVZ features
LVZ features are identified through seismic shear-wave velocity (VS)
profiles inverted using three types of seismic constraints: teleseismic
compressional-wave (P-wave) receiver functions (RFs) obtained from
the seismic data of the teleseismic events, Rayleigh wave phase velo-
cities inferred based on the continuous ambient noise and earthquake
data, and vertical/horizontal (ZH) displacement ratios of the Rayleigh
wave obtained from the seismic data of the teleseismic events (see
Methods section). The RF dataset includes a total of 727,201 RFs
extracted from the seismic data of 1933 seismic stations (Fig. 1b). RFs
are corrected to have the same reference ray parameter of 0.06 s km−1,
bin-stacked over back-azimuth bins with a bin width of 10°, and

manually checked to ensure high quality. The bin-stacked RFs are
classified into two types based on the visibility of a prominent negative
phase (termed here as Pls phase for discussion purposes) before the
Pms phase (P-to-S conversions at the Moho discontinuity), and are
further grouped into back-azimuth clusters based on their waveform
similarity and stacked within the clusters yielding the cluster-stacked
RFs (Supplementary Fig. 1). The Rayleigh wave phase velocities (Sup-
plementary Fig. 2a) are inverted by a simultaneous inversionmethod25,
with models in the period range of 8–50 s constrained by both the
inter-station measurements from the ambient noise and event-station
measurements from local earthquake data and those in the period
range of 50–70 s constrained by the event-station measurements
(Supplementary Fig. 2, b and c). The ZH ratio dataset is constructed
from 4709 seismic event data samples from the region collected for
the seismic stations that have high-quality RFs (Fig. 1b and Supple-
mentary Fig. 3).

CrustalVS profiles are inverted for the sites of each seismic station
along each back-azimuth of the cluster-stacked RFs using a Markov
Chain Monte Carlo (MCMC) algorithm26,27, by minimizing the misfit
between the three types of seismic observations and the synthetics
(see Methods section). Two separate model parametrization schemes
areused in accordancewith the presence or absenceof Plsphase in the
cluster-stacked RF. For the observations with the cluster-stacked RF
exhibiting no Pls phase, VS profile is parameterized with three layers: a
shallow sediment, a crystalline crust, and anuppermostmantle; for the
observations with the cluster-stacked RF exhibiting a prominent Pls
phase, an LVZ with a sharp top discontinuity is required to explain the
Pls phase and is added in the crystalline crust layer. The best-fitting VS
model and its uncertainty are estimated through statistical analysis of
the model assemblage selected from 50,000 sampled models in
iterations. The best-fitting VS model is the sampled model nearest to
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Fig. 1 | Geological and geophysical data in the study region. aMajor geological
faults (lines, with the names of the faults labelled and data sources from Yin and
Harrison67 and Pitard et al. 49 and low-resistivity zones (LRZs, red-shaded regions
for regional mapping results and blue lines for line mapping results) in themiddle-
to-lower crust determined by magnetotelluric tomography (see Supplementary
Table 1 for data source).bTectonic blocks and data sources of seismic stations and
seismic events. Seismic stations include 302 permanent stations from the China
National Seismic Networks (CNSN) (red triangles), 468 permanent or temporary
stations from the EarthScope (blue triangles), and 1163 temporary stations from

the China Seismic Array (ChinArray) (cyan triangles). Stations marked with solid
triangles are used in this study, while those marked with hollow triangles do not
have good data quality and are not used. Geological units and major basins (data
sources from Zhang et al. 68 and Shen et al. 60 are denoted by enclosed-black lines
and grey-shaded regions, respectively. The inset shows the locations of seismic
events (with the event catalogue from the EarthScope) of data sources for receiver
functions (cyancircles) andZHratios (red circles),with theblackbox indicating the
region of the study. Background in (a) and (b) is topography from the ETOPO1
(https://doi.org/10.7289/V5C8276M).
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the average of all acceptable models and the model uncertainty is two
standard deviations of all acceptable models. The MCMC joint inver-
sion effectively identifies the existence of the LVZs in the region and
constrains the detailed seismic structure around those LVZs, as RFs
provide crucial information about the existence and sharpness of the
LVZs and dispersion curves of phase velocity and ZH ratio constrain
the overall VS structure at depth. The inverted models yield excellent
synthetic fitting to the seismic data (see examples in Fig. 2 and Sup-
plementary Fig. 4). Quantitatively, an LVZ is defined as a localized VS
reduction in a certain depth range with the minimum VS reaching a
value less than 3.47 kms-1.

Presence, absence and features of LVZs
Inverted VS profiles can be classified into three types based on features
of LVZ in the crust: (1) “LVZ-free”with no presence of an LVZ (Fig. 2 and
Supplementary Fig. 4, a and b), (2) “LVZ-smooth” with presence of an
LVZ and a smooth transitional topboundary (Fig. 2 andSupplementary
Fig. 4, c andd), and (3) “LVZ-sharp”withpresenceof an LVZand a sharp
top velocity discontinuity (Fig. 2 and Supplementary Fig. 4, e and f). All
LVZs exhibit low VS zones with ~76% of their values < 3.40 km s-1, and
sharp and smooth LVZs are separately identified unlike previous stu-
dies that did not distinguish between them15–22. Synthetic tests indicate
that the existence and seismic properties of those LVZs are well con-
strained by the seismic data (Supplementary Note 1 and Supplemen-
tary Figs. 5 and 6). Almost all crustal profiles are “LVZ-free” in the
surrounding areas outside the Plateau, including the western Yangtze
Craton, the Tarim Block, the eastern Qilian Block, theWestern Yunnan
Block, and the Southern Yunnan Block (Fig. 3a). The “LVZ-sharp” type
profiles are widely distributed in the hinterland and the eastern mar-
ginal area of the Plateau, including the central-eastern Qiangtang
Block, the central-eastern Songpan-Ganzi Block, the central-eastern
Qaidam Block, the eastern Qilian Block, and the Chuandian Block and
its surroundings (black-shaded area in Fig. 3a). The top of those LVZs
lies at depths between 15 and 50km, with relatively large depths >
40 km in the Qiangtang and Lhasa blocks, and relatively small depths
< 26 km in the northern and eastern marginal areas of the Plateau
(Supplementary Fig. 7). The “LVZ-smooth” type profiles are mainly
concentrated in the southeastern marginal area of the Plateau,
including the southern Chuandian Block and its southern side, the

western Yangtze Craton, and the northern parts of the Western Yun-
nan and Southern Yunnan blocks (orange-shaded area in Fig. 3a), with
sporadic distributions in the northern Chuandian Block, and the
eastern Qaidam Block and its surrounding areas.

The LVZs are unlikely to be caused by an elevated temperature
alone, a solid-solid composition change or aqueous fluids for the fol-
lowing reasons: (1) an elevated temperature alone cannot explain the
sharp velocity discontinuity at the top of LVZs as an elevated tem-
perature would be diffusive across a depth interval due to thermal
diffusion; neither can it explain the magnitude of VS of < 3.40 km s−1 in
the LVZs as that magnitude of velocity reduction would require an
increase of temperature to more than 1000 °C28,29 enough to induce
partial melting; (2) a solid-solid composition change cannot explain
the smooth velocity structure in the top of LVZs beneath the south-
eastern marginal area of the Plateau; neither can it explain the mag-
nitude of VS of < 3.40 km s−1 as the lowest VS of the known dry
metamorphic or plutonic rocks under temperature-pressure condi-
tions in themiddle crust of the Plateau (770 °C and 1000MPa at 30 km
depth) is ~3.47 km s−1 28–31; and (3) aqueous fluids alone cannot explain
the magnitude of velocity reductions in the LVZs as petrological stu-
dies have suggested that the maximum fluid content would be only
around 0.1 percent in the middle-to-lower crust32,33 insufficient to
explain the inferred magnitudes of velocity reduction and inferred
magnetotelluric properties in the LVZs (Fig. 1a); aqueous fluids also
have a minor effect on VP/VS

34 and cannot explain the elevated crustal
VP/VS values reported in parts of the region35,36. The LVZs are thus
attributed to be caused by partial melting, as partial melting could
explain both themagnitude of VS and the sharpness of the top velocity
structure in the LVZs. Note that the LVZs generally do not extend
downward to the Moho discontinuity (Fig. 2 and Supplementary
Fig. 4), whichmay indicate a possible preferential condition for partial
melting in the middle crust or a possible metamorphic process at the
base of a deep crust37.

We estimate volume fractionofmelt in the LVZsbasedon the ratio
of VS within the LVZs (VS_melt) over VS in a melt-free state (VS_ref) and a
theoretical relationship between VS_melt/VS_ref and volume fraction of
melt derived by Watanabe34 (Supplementary Note 2 and Supplemen-
tary Fig. 8). The estimatedmaximummelt volume fractions of LVZs lie
between 1 and 10 vol%, with 87% of them between 2 and 8 vol%
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Fig. 2 | Examplesof shear-wavevelocity (VS) profile inversiononthree siteswith
different features of low-velocity zone (LVZ) in the crust. For the site of station
X1.53199 along theback-azimuth (baz) range from20° to 180°with a representative
“LVZ-free” crustal profile: a initial model (labelled as “Init. mod.”, grey-dashed
curve), inverted model (labelled as “Inv. mod.”, red curve) and two standard
deviations interval of all acceptable models (labelled as “Mod. unc.”, red-shaded
area); b comparisons of seismic observations and synthetics computed with initial
model (grey-dashed curves) and inverted model (red curves) for cluster-stacked
receiver function (RF) and phase velocities and vertical/horizontal (ZH) displace-
ment ratios of the Rayleigh wave at different periods. The observed values and
uncertainties are marked with the area enclosed by blue curves for cluster-stacked

RF and are represented by blue dots and vertical bars, respectively, for phase
velocities and ZH ratios at different periods. Two standard deviation intervals of
synthetics from all acceptable models are marked with red-shaded areas. Misfits
between seismic observations and synthetics are labelled in grey for the initial
model and red for the inverted model. c, d Same as a, b, except for the site of
station X1.53175 along the back-azimuth range from 130° to 170° with a repre-
sentative “LVZ-smooth” crustal profile. e, f Same as a, b, except for the site of
station T1.KJC02 along the back-azimuth range from 110° to 120° with a repre-
sentative “LVZ-sharp” crustal profile. Data misfits of the inverted models are
reduced to 11% (X1.53199), 28% (X1.53175) and 18% (T1.KJC02) of those of the initial
models. Geographic locations of the three example sites are marked in Fig. 3a.
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(Fig. 3b). Four regions are identified to have relatively high values of
maximum volume fraction of melt (> 4 vol%): the hinterland of the
Qiangtang Block and the eastern area of the Lhasa Block (R1 in Fig. 3b),
the eastern Songpan-Ganzi Block adjacent to the western side of the
Longmenshan Fault (R2 in Fig. 3b), the vicinities of the East Kunlun
Fault including the northeastern Songpan-Ganzi Block and the eastern
QaidamBlock (R3 in Fig. 3b), and near theHaiyuan Fault (R4 in Fig. 3b).
These regions are located either close to a major fault (R2 to R4), in a
region of the thickest crust35 (R1), or in a region where hot astheno-
spheric materials were argued to have upwelled following lithospheric
delamination during the Triassic (R2)38,39.

Discussion
The omnipresence of intra-crustal LVZs inside the Plateau, coupled
with the absence of intra-crustal LVZs outside the Plateau, suggests

that the mid-crustal flow is a major mechanism for the uplift and
crustal thickening of the Plateau6–10. The inferred magnitude of the
fraction of melt could yield a significant decrease in rock viscosity
based on the melt-viscosity relationship derived from the laboratory
data40, sufficient to induce a mid-crustal flow based on the numerical
models9,41. The top discontinuity of the LVZs varies with depth from
the hinterland to the marginal areas of the Plateau (Supplementary
Fig. 7), possibly reflecting a different degree of shortening of the top
layer above the mid-crustal flow channel during the Plateau evolution
and/or the existence of lateral variations of thermal and compositional
conditions inside the Plateau. The geographic distribution of high-
volumemelt regions (R1 to R4 in Fig. 3b) also suggests that, besides the
radioactive heating in the crust42, frictional heating of the major faults
in the region and a hot underlying mantle are also among the major
heat sources of the intra-crustal melts.

Fig. 3 | Geographic distribution and estimated melt volume fraction of low-
velocity zone (LVZ) in the crust. a Geographic distribution of LVZs with a sharp
top discontinuity (“LVZ-sharp”, magenta sector), LVZs without a sharp top dis-
continuity (“LVZ-smooth”, cyan sector), and no LVZs (“LVZ-free”, grey sector).
Regions of “LVZ-sharp” and “LVZ-smooth” aremarkedwith a black-shaded area and
an orange-shaded area, respectively. Blue arrows point to the example sites of
shear-wave velocity (VS) inversion shown in Fig. 2. b Estimated volume fraction of

melt for all “LVZ-sharp” sites, with four regions of relatively high values of melt
(> 4 vol%) marked with cyan-shaded areas (R1–R4). Major geological faults49,67 are
marked with black lines. (c) Interpretation of three types of crustal profiles, with
“LVZ-smooth” representing young melt and “LVZ-sharp” representing mature melt
that forms a sharp discontinuity in the top after some time of accumulation ofmelt
and enriched composition of decreased solidus.
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Sharpness of the top of LVZ serves as an indicator of the time
period of partial melt. Numerical simulations using realistic material
properties of the continental crust suggest that melt can migrate
through pores in the hot and thick continental crust, with a percolation
velocity in the order of millimetres to centimetres per year and a
characteristic spacingof 1mmor larger43. Such verticalmelt percolation
is driven by the density differences between the melt and the sur-
rounding rock and could occur independently of a horizontal advective
flow in the middle-to-lower crust. As a result, a certain amount of the
percolated melt and an enriched composition of minerals would accu-
mulate at the top of the partial melting zone after some time period of
partial melting43, forming a sharp seismic discontinuity at the top of
LVZ. Regions of the “LVZ-sharp” profile are thus regarded as those
containing a mature, well-developed, partially molten zone in the mid-
dle crust, while regions of the “LVZ-smooth” crustal profile are regarded
as those containing a young, less-developed, partially molten zone in
themiddle crust (Fig. 3c). Basedon this classification, thehinterlandand
eastern marginal area of the Plateau possess mature partially molten
zones in the middle crust (termed as “mature melt area”, black-shaded
area in Fig. 3a) while the southeastern marginal area of the Plateau
possesses young partially molten zones in the middle crust (termed as
“young melt area”, orange-shaded area in Fig. 3a).

Joint analysis of the distribution and characteristics of LVZs, sur-
face topography and the Moho depth (see Supplementary Note 3 and
Supplementary Fig. 9 for details on the Moho depth model24) reveals
three regions of different stages of the Plateau evolution (Fig. 4). The
young melt area in the southeastern marginal area of the Plateau is
characterized by relatively low surface elevation (averaging 1.98 km,
Fig. 4a) and shallow Moho discontinuity (averaging 42.6 km in depth,
Supplementary Fig. 9). Thematuremelt area is marked by two distinct
subregions based on the features of surface topography and Moho
depth, with the southeastern part of the area having low surface ele-
vation (averaging 2.38 km, Fig. 4a) but deepened Moho discontinuity
(averaging 55.0 km in depth, Supplementary Fig. 9), and the remaining
region having high surface elevation (averaging 4.01 km, Fig. 4a) and
deepened Moho discontinuity (averaging 55.3 km in depth, Supple-
mentary Fig. 9). The topographic difference between the two sub-
regions is unlikely due to a difference of surface erosion between the

subregions, as erosion would promote isostatic equilibrium and
maintain surface topography in a dynamic Earth44; and the topo-
graphic difference also indicates an additional contribution ofbuoyant
mid-crustal flow materials within the Plateau in the subregion of high
elevation.

These correlations reveal three distinct response stages of the
Plateauevolution in response to themid-crustalflow (Fig. 4b): (1) a pre-
response stage when young melts are being developed in the middle-
to-lower crust with little uplifting of the surface and little deepening of
the Moho discontinuity typified in the region of present-day southern
ChuandianBlock and its surroundings; (2) the first stage of responseof
the Plateau by deepening the Moho discontinuity without large-scale
surface uplift due to mid-crustal flows in the mature partially molten
zone typified in the region of present-day central ChuandianBlock and
its surroundings; and (3) the last stage of response of the Plateau by
large-scale surface uplifting typified in the remaining regions of the
present-day Plateau. This last stage of large-scale surface uplifting is
also evident in a significantly high uplift rate (1.82 ± 1.51mmyr-1)
observed in the region in comparison with those of the regions in the
other two response stages45–47 (Supplementary Fig. 10).

Our results suggest that the surface responses of the Tibetan
Plateau may not necessarily occur in synchrony with the dynamical
stages inside the crust.Many types of surface responsecouldoccur in a
particular stage of the dynamical evolution inside the crust; similar
types of surface response could occur in different stages of the
dynamical evolution inside the crust; and no surface responses may
exist in some stages of the evolution. It should be noted that surface
geological processes were extensively studied in the regions of the
Plateau, andmany evolving stages of the Plateau were proposed based
on those geological processes5,48–50. Placed in the context of our evo-
lution model, those discoveries suggest that the major geological
processesmostly occurred in the region of the last stage of the Plateau
evolution, and the surface responded in a complex manner, varying in
time and geographic location in this stage. We should also note that
while no surface topographic responses yet exist in the pre-response
stage and the first stage of the evolution, ourmodel does not preclude
other types of surface responses that may or may not be related to
these two early stages of the evolution. Our results and those past
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b Schematic illustration of three stages of plateau evolution: a pre-response stage
with a young partially molten zone being developed in the crust, the first stage by
deepening theMoho discontinuity with minor uplift at the surface after the maturity
of the partially molten zone in the crust, and the last stage by surface uplifting.
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discoveries point to the need for future interdisciplinary assimilation
of geological and geophysical data in the establishment of a compre-
hensive dynamical framework for the Plateau evolution.

Our evolution model would provide unique references of con-
tinental plateau evolution for future studies of geodynamical
mechanism and past plateau evolutions. The geographic distribution,
seismic characteristics and dynamic responses of the three evolution
stages observed in the present-day Tibetan Plateau would place con-
straints on future geodynamical models of the Plateau evolution; and
the three stages of the Plateau evolution identified in this study would
serve as unique references to improve interpretations of the past
geological records observed in the Plateau and provide understanding
of the past Plateau evolutions. Likely, the inference of the three stages
of continental plateau evolution would also be expected to occur in
the western region of the Plateau that is currently lacking the seismic
coverage and in other collisional orogenic belts worldwide.

Methods
Receiver function (RF) dataset
Teleseismic compressional-wave (P-wave) RF dataset is from Cheng
et al. 35, which constructed a high-quality RF database from the
seismic data recorded at an epicentral distance of 30°–95° in the
seismic stations deployed in or around continental China by the
China National Seismic Networks (CNSN)51, the EarthScope and the
China Seismic Array (ChinArray) for seismic events with a magnitude
≥ 5.5. High-quality RFs were constructed after the removal of
instrument response, a bandpass filter of 0.05–2.00Hz, a time-
domain iterative deconvolution, and a two-step data quality control
process35. In this study, the RF data within the time window of 1–12 s
from the seismic stations within our study region are retained,
including a total of 727,201 RFs from 1933 stations (Fig. 1b, 248,092
from 302 CNSN stations, 83,738 from 468 EarthScope stations, and
395,371 from 1,163 ChinArray stations). The time window of 1–12 s is
chosen for two reasons: (1) the window is wide enough to contain all
Pms phases (P-to-S conversions piercing at the Moho discontinuity),
and (2) the RF within the time window of 0–1 s, which is dominated
by direct P-wave and sedimentary reverberations, has already been
fitted in deriving a shallow seismic model of continental China by
Xiao et al. 27; we will adopt it as a priori shallow structure in the joint
inversion.

Three pre-processing steps are performed on the RF dataset.
Firstly, all RFs in a station are corrected to have the same reference ray
parameter of 0.06 s km−1 on the basis of the crustal model constructed
byCheng et al. 35. Secondly, theRFs are stackedbased on back-azimuth
bins with a bin width of 10°, yielding a total of 60,354 bin-stacked RFs.
Finally, noisy bin-stacked RFs are discarded after visual inspection.

We classify the retained bin-stacked RFs into two types based on
the presence or absence of a prominent negative phase (i.e., Pls phase
defined in the text) before the Pms phase, yielding 2081 with a pro-
minent Pls phase and 2960 without. We further group together similar
adjacent bin-stacked RFs that have a correlation coefficient ≥ 0.85
within a back-azimuth range of ≤ 20° into clusters. All bin-stacked RFs
in the back-azimuth cluster are further stacked to yield a cluster-
stacked RF and the associated uncertainty of the cluster-stacked RF is
estimated by calculating the average of the deviations of all raw RFs
that contribute to the cluster-stacked RF (the RF uncertainty in the
inversion is set to half of the estimated uncertainty by trial and error).
Note thatwe calculate the correlation coefficient for those bin-stacked
RFs with a prominent Pls phase using the time window of 1 s after the
direct P phase to 1 s after the Pls phase, while for those without that
phase using the time window of 1–12 s after the direct P phase. We
retain only those cluster-stacked RFs that are contributed by more
than 10 raw RFs. This clustering procedure yields 324 cluster-stacked
RFs with a prominent Pls phase and 302 cluster-stacked RFs without
that phase.

We illustrate the above RF classification and processing proce-
dures using RFs obtained at station QH.DUL: (1) Raw RFs are obtained
from the seismic data of 1011 teleseismic events (Supplementary Fig. 1,
a and b); (2) the RFs are corrected to have the same reference ray
parameter of 0.06 s km−1 and stacked in 36 back-azimuth bins, yielding
9noisy and 27 high-quality bin-stackedRFs (Supplementary Fig. 1c); (3)
the 27 high-quality bin-stacked RFs are classified into two types with 13
having a prominent Pls phase and 14 without that phase (Supplemen-
tary Fig. 1c); and (4) the high-quality bin-stacked RFs are clustered into
5 similar back-azimuth clusters with 4 having a prominent Pls phase
and 1 without that phase, along with associated uncertainties esti-
mated (Supplementary Fig. 1c and d).

In this study, we aim to determine crustal low-velocity zone (LVZ)
structure beneath seismic stations in different back-azimuth ranges, as
the distribution and features of the partially molten zones could vary
on a small geographic scale. The azimuthal difference in RFs could also
be the result of seismic anisotropyor adipping seismic structure, and a
harmonic stripping method52 is usually applied to extract or remove
those related signals. In the present case, as the RF signals are domi-
nated by the conversions from the top of the LVZs and our goal is to
detect fine structures of LVZs, we adopt the RF azimuth-clustering
analysis without applying the harmonic stripping method. The appli-
cation of harmonic stripping could remove signals associated with
seismic anisotropy or a dipping seismic structure, but it would also
remove signals that are dominated by lateral variations of LVZs.

Rayleigh wave phase velocity dataset
The Rayleigh wave phase velocity models (Supplementary Fig. 2a) are
inverted based on a Rayleigh wave phase velocity dataset constructed
from data sources of seismic stations and seismic events in or around
continental China (Supplementary Fig. 2, b and c). The Rayleigh wave
phase velocity dataset is constructed based on phase velocity disper-
sion curves measured between 639,171 inter-station and 54,792 event-
station pairs.

The inter-station phase velocity dispersion curves are measured
based on continuous seismic ambient noise recorded on vertical
components of 4435 seismic stations, spanning a period range of
8–50 s. The 4435 seismic stations are deployed in or around con-
tinental China (Supplementary Fig. 2b), including (1) 1120 permanent
stations of the China National Seismic Networks (CNSN)51 from 2015 to
2017, (2) 1770 temporary stations of the China Seismic Array (Chi-
nArray) from 2006 to 2016, (3) 81 temporary seismic stations of the
SeismicArray iNtegratedDetection for aWindowof IndianContinental
Head (SANDWICH) from 2013 to 2017, (4) 71 temporary stations of the
Middle-Lower Yangtze broadband seismic Network (MLYN) from 2012
to 2016, and (5) 1393 temporary stations from 1991 to 2020 with data
downloaded from the Public seismic Data Management Centers
(PDMC) of the EarthScope, the GFZ German Research Centre for
Geosciences (GEOFON), the Swiss Seismological Service (SED), and the
French seismological andgeodeticnetworkResif-Epos (RESIF).Wefirst
follow the ambient noise data processing procedure described by Xiao
et al. 25 to compute the inter-station empirical Green’s functions (EGFs)
of each station pair. We down-sample the waveform data to 1 Hz,
remove the instrument response from the data, apply a bandpass filter
of 0.008–0.3Hz to the data, cut the continuous waveform data into
daily segments, perform temporal normalization and spectrum
whitening for the daily waveform segments53,54, calculate the cross-
correlation function of the pre-processed daily waveform segments,
stack the daily cross-correlation functions in one year, and calculate an
inter-station empirical Green’s function (EGF) by averaging the causal
and acausal parts of the stack. We then measure the inter-station
Rayleigh wave phase dispersion curves from the inter-station EGFs by
applying a frequency-time analysis technique55,56.

The event-station phase velocity dispersion curves are measured
based on Rayleigh wave waveform data of 226 intermediate
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earthquakes recorded on vertical components of 1463 seismic sta-
tions, spanning a period range of 8–70 s. The 1463 seismic stations are
from the CNSN, SANDWICH, MLYN, and PDMC, and the 226 inter-
mediate earthquakes occurred from2012 to 2019 in or aroundwestern
China with a magnitude range 4.5 ≤ Mw ≤ 7.0 based on the catalogue
from the Global Centroid Moment Tensor (GCMT) project57 (Supple-
mentary Fig. 2c).Wefirst follow theprocedures describedbyXiaoet al.
25 to preprocess the Rayleigh wave waveform data. We isolate the
Rayleigh wave waveforms from the seismic records based on a group
velocity range of 1.5–4.5 kms−1, down-sample the waveform data to
1 Hz, remove the instrument response from the data, rotate the hor-
izontal components to the radial component along the great circle
plane, and apply a bandpass filter of 0.008–0.3Hz to the data.We then
estimate event-station Rayleigh wave phase velocity dispersion curves
from the preprocessed waveform data by adopting a time-domain
waveform matching algorithm58,59. The algorithm constructs a com-
posite synthetic Rayleigh wave waveform by perturbing the phase
velocity dispersion and spectral amplitudes of a reference synthetic
Rayleigh wave waveform. The phase velocity dispersion and spectral
amplitudes that yield the best fit between the composite synthetic
waveform and the observed waveform are considered to be the opti-
mal measurements.

The inter- and event-station Rayleigh wave phase velocity mea-
surements are quality-controlled following the procedures described
by Xiao et al. 25. For each period, we discard those inter- and event-
station phase velocity measurements with an epicentral distance
smaller than two wavelengths, a deviation from the average phase
velocity larger than 20%, and a travel time residual from the predicted
travel timebasedon themodel of Shen et al. 60 larger than20 s.We also
discard those inter-station phase velocity measurements with a signal-
to-noise ratio of EGF (i.e., the ratio of the maximum amplitude in the
windowed Rayleigh wave signal over the standard deviation of ampli-
tudes in the windowed seismic ambient noise) smaller than 5, and
those event-station phase velocity measurements with a signal ratio
(i.e., the spectral amplitude ratio of the undispersed Rayleigh wave
waveform over the original waveform) smaller than 0.6, a waveform
misfit (i.e., the waveform difference between the composite synthetic
and observed Rayleigh wave waveforms) larger than 0.3, a total num-
ber of measurements per earthquake smaller than 30, and an azi-
muthal variation of phase travel time residuals of an earthquake larger
than 10 s.

The Rayleigh wave phase velocitymodels (Supplementary Fig. 2a)
are then inverted by applying a simultaneous inversionmethod25, with
models in theperiod rangeof 8–50 s constrainedbyboth the inter- and
event-station measurements and those in the period range of 50–70 s
solely constrained by the event-stationmeasurements.We first invert a
preliminary Rayleigh wave phase velocity structure based on the
inter-station phase velocity measurements. We then redetermine
centroid depths and scalar moments of 226 intermediate earth-
quakes based on the observed Rayleigh and Love wave spectral
amplitudes, relocate centroid parameters of geographic location and
origin time of those earthquakes based on the event-station Rayleigh
wave phase velocity measurements and the preliminary Rayleigh
wave phase velocity structure obtained in the first step, and update
the event-station Rayleigh wave phase velocity measurements based
on the relocated centroid geographic locations and origin times. We
finally invert a final Rayleigh wave phase velocity model and con-
struct a set of earthquake centroid geographic locations and origin
times based on the inter- and event-station phase velocity measure-
ments. We estimate the uncertainty of the inferred Rayleigh wave
phase velocity with a Monte Carlo error propagation technique
based on the unexplained travel time residuals after simultaneous
inversion25,61. In this study, the inverted phase velocity models and
associated uncertainties are collected for 346 stations that have high-
quality RFs.

Rayleigh wave ZH ratio dataset
The Rayleigh wave vertical/horizontal (ZH) displacement ratio dataset
is constructed for 346 seismic stations that have high-quality RFs, from
4709 seismic events sampling the region with a magnitude > 5.5, an
event depth < 60 km, and an epicentral distance range of 20°–140°
(Fig. 1b and Supplementary Fig. 3). In this study, high-quality Rayleigh
wave ZH ratios are measured in the period range of 20–80 s following
procedures described by Tanimoto and Rivera62. We isolate the Ray-
leigh wave waveforms from the seismic records based on a group
velocity range of 1.5–4.5 km s−1, down-sample the three-component
waveformdata to 1Hz, remove the instrument response from the data,
apply a bandpass filter of 0.008–0.3Hz to the data, and rotate the
horizontal components to the radial component along the event-
station great circle plane. We apply a series of narrowband Gaussian
filters with central frequencies varying from 20 to 80 s to the pre-
processed waveform data and perform the Hilbert transform on the
vertical component to correct for the 90° phase shift between the
vertical and radial components of the Rayleigh wave. For each station,
a ZH ratio is first calculated for each Rayleigh wave observation by
dividing the maximum amplitude of the envelope of its phase-
advanced vertical component over that of the envelope of its radial
component. Those ZH ratiomeasurements are discarded: (1) the cross-
correlation coefficient between the waveforms of the radial and phase-
advanced vertical components smaller than 0.7, (2) the signal-to-noise
ratio (i.e., the ratio of the maximum amplitude in the windowed Ray-
leigh wave signal over the standard deviation of amplitudes in the
windowed seismic ambient noise) smaller than 8, (3) the total number
of measurements at the period smaller than 15, (4) the abnormal value
outside the range of 0.4–2, and (5) the deviation from the average ZH
ratio larger than two standard deviations of all measurements. The
mean and three standard deviations of all quality-controlled individual
ZH ratiomeasurements associatedwith theobservations of the seismic
station are taken as the ZH ratio measurement and associated uncer-
tainty of the station, respectively. Uncertainties smaller than 4% of the
ZH ratio measurement are set to 4% of the measurement.

Joint inversion scheme and model parametrization
We adopt the joint inversion method developed by Xiao et al. 27 to
constrain one-dimensional seismic structures below a seismic station
in various back-azimuth clusters. Along a certain back-azimuth cluster,
the joint inversion uses the cluster-stacked RF along the back-azimuth
cluster and the dispersion curves of phase velocity and ZH ratio. The
inversion process uses a Markov Chain Monte Carlo algorithm26,27 to
search for the VS model that best fits the RF and dispersion curves of
phase velocity and ZH ratio by minimizing an objective function
defined as:

Sjoint mð Þ=αSRF mð Þ+ βSPV mð Þ+ γSZH mð Þ+ωSSM mð Þ ð1Þ

and

SSM =
1

N � 1

XN�1

i = 1

HðVi � Vi + 1Þjj Vi � Vi + 1

� �jj
0:01 � di + 1 � di

� � � φðdiÞ ð2Þ

H nð Þ= 0 n≤0

1 n>0

�
ð3Þ

φðdiÞ=
0 10≤di ≤ dm � 10

� �

1 di < 10ordi > ðdm � 10Þ

(
ð4Þ

Where SRF, SPV and SZH are the mean values of the squares of the L2-
norm misfits between observations and synthetics over all time or
period sampling points for three types of seismic data, weighted by
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uncertainties of the data respectively. In practice, the RF uncertainties
are set to themedian of the uncertainties within the RF timewindowof
0–15 s; and the phase velocity uncertainties are amplified by a factor of
2.8 by trial and error. SSM is themodel smoothness term that penalizes
presence of local low-velocity zones at the depth shallower than 10 km
or deeper than dm � 10

� �
km (dm is the Moho depth) with 0.01 s−1 for

normalization. Vi and di are VS of the i th discretized sublayer (N
sublayers in total) and its depth to the surface respectively. Relative
weighting parameters between the RF misfit (α), phase velocity misfit
(β), ZH ratio misfit (γ) and model smoothness term (ω) are set to 1, 1, 1
and 1 (with an absolute valueof40) by trial and error. In practice, theVS
model and its uncertainty are estimated through statistical analysis of
the model assemblage selected from sampled models in 50,000
iterations after the first 200 iterations of the burn-in phase. The best-
fittingVSmodel is defined as the sampledmodel nearest to the average
of all acceptable models and the model uncertainty is defined as two
standard deviations of all acceptablemodels. Themodel assemblage is
constructed by selecting models with a small value of a normalized
objective function defined as:

εnorm mð Þ= ð SRF mð Þ
SRF mrf

� � +
SPV mð Þ

SPV mpv

� � +
SZH mð Þ

SZH mzh

� � +
SSM mð Þ

SSM msm

� �Þ=4 ð5Þ

where sampled models with the minimal RF misfit (SRFðmrf Þ), the
minimal phase velocity misfit (SPVðmpvÞ), the minimal ZH ratio misfit
(SZHðmzhÞ), and the minimal model smoothness (SSMðmsmÞ) are
employed for normalization. The model assemblage consists of the
models with a normalized objective function value smaller than
(εnormðmallÞ+2), where mall is the sampled model with the minimum
value of the objective function.

Two separate model parametrization schemes are used in accor-
dance with the presence or absence of Pls phase in the cluster-stacked
RF. For the observations with the cluster-stacked RF exhibiting no Pls
phase, VS profile is parameterized with three layers: a shallow sedi-
ment, a crystalline crust and an uppermost mantle. The VS profile and
thickness of the sediment layer are adopted from Xiao et al. 27, while
the VS profiles in the crystalline crust and the uppermost mantle are
represented by a combination of B-spline functions with seven inde-
pendent parameters for the crystalline crust layer and five for the
uppermostmantle layer. The seven parameters for the crystalline crust
layer include the thickness of the layer and coefficients of six B-spline
functions used to represent the velocity structure inside the layer,
while the five parameters for the uppermost mantle layer are coeffi-
cients of five B-spline functions used to represent the velocity struc-
ture in the uppermost mantle. For the observations with the cluster-
stacked RF exhibiting a prominent Pls phase, a low-velocity zone (LVZ)
is added in the crystalline crust layer. The LVZ is represented by a top
sharp discontinuity and a velocity decrease followed by a linear gra-
dient of increasing VS toward the bottom, and is parameterized with
three free parameters, including the depth of the top boundary of the
LVZ, VS decrease across the top boundary and thickness of the LVZ.
The VS jump across the bottom boundary of the LVZ is set to zero, as
we do not observe a corresponding positive phase in all the RFs. The
depth of the top boundary is allowed to vary over a depth span of
40 km, centred on an initial depth calculated based on the arrival time
of thePlsphaseand a velocitymodel60, while the thickness of the LVZ is
restricted to being in a range of 0–30 km and the velocity reduction
across the top boundary is required to be less than 1.0 km s−1.

Initial models are constructed based on a priori information from
several previous studies, with shallow VS structure adopted from Xiao
et al. 27, crustal thickness and VP/VS values from Cheng et al. 35, VP

structure in the uppermostmantle fromMa et al. 63, and VS structure in
the crystalline crust from Shen et al. 60. VP are inferred from VS based
on the empirical relationship proposed by Brocher64 in the regions of
no coverage of crustal VP/VS values.

Data availability
The raw and cluster-stacked receiver functions, phase velocities and
ZH ratios of the Rayleigh wave used in the joint inversion and the
inverted seismic models generated in this study have been deposited
in Zenodo65 (https://doi.org/10.5281/zenodo.15873825). The inter-
station empirical Green’s functions, event-station Rayleigh wave
phase velocity dispersion curves, Rayleigh wave phase velocity maps
and the crustal thickness model of CSRM-1.0 that support the findings
of this study are available inZenodo66 (https://doi.org/10.5281/zenodo.
8103561). The seismic waveforms recorded by permanent stations in
CNSN are provided by the China Earthquake Networks Center and AH,
BJ, BU, CQ, FJ, GD, GS, GX, GZ, HA, HB, HE, HI, HL, HN, JL, JS, JX, LN, NM,
NX, QH, SC, SD, SH, SN, SX, TJ, XJ, XZ, YN, ZJ Seismic Networks, China
Earthquake Administration and distributed by the China Seismological
Reference Model (http://chinageorefmodel.org/) Product Center
(https://data.earthquake.cn/ in Chinese and http://chinageorefmodel.
org/data/level1 in English). The seismic waveforms recorded by tem-
porary stations in ChinArray are provided by the China Seismic Array
DataManagement Center at Institute of Geophysics, China Earthquake
Administration (https://doi.org/10.17616/R31NJMMK). The waveforms
of temporary stations in SANDWICH are provided by the Seismic Array
Laboratory, Institute of Geology and Geophysics, Chinese Academy of
Sciences (http://chinageorefmodel.org/data/level1). The seismic
waveforms of temporary stations in MLYN are provided by the China
Deep Exploration Center, Chinese Academy of Geological Sciences
(http://chinageorefmodel.org/data/level1). These waveforms are
accessible from these data centers following their respective regula-
tions. The waveform data of temporary stations in PDMC are down-
loaded from four Public Data Management Centers of the EarthScope
Data Services (https://ds.iris.edu/ds/), the GFZ German Research Cen-
tre for Geosciences (https://geofon.gfz-potsdam.de/), the Swiss Seis-
mological Service (http://seismo.ethz.ch/en/home/) and the French
seismological and geodetic network Resif-Epos (https://seismology.
resif.fr/).Correspondence and requests for materials should be
addressed to Lianxing Wen. Source data are provided with this paper.

Code availability
The inversion codes that support the findings of this study are avail-
able in Zenodo65 (https://doi.org/10.5281/zenodo.15873825).
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