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Abstract We use the full waveform inversion method to study the crustal‐mantle seismic structure beneath
Central Asia. By combining earthquake waveforms and ambient noise cross‐correlations, we construct a 3D
model of Vp and Vs down to a depth of 220 km. This model reveals a complex Indian‐Asian plate configuration
and interaction, resulting from the plate subduction, indentation, and break‐off. Beneath the Hindu Kush, the
marginal Indian slab with its lower crust is successfully imaged, the latter of which hosts vigorous intermediate‐
depth seismicity. The subducted marginal Indian slab can be traced further east to the Kohistan Arc, which is a
previously undetected structure. We first imaged a flat cratonic Indian plate beneath the Pamir. The indentation
of the cratonic Indian plate forces the Asian plate to delaminate, indicated by the south‐eastwards dipping high‐
velocity anomalies, atop which a south‐dipping low‐velocity zone is observed with higher resolution than
previous studies, which we interpret as the delaminated Asian lower crust. In addition, a sharp velocity
transition at lithospheric depth is newly discovered and coincides with the Talas‐Ferghana fault, delineating the
boundary of the Ferghana basin with the Central Tian Shan. Low‐velocity anomalies mainly focus beneath the
south and northern part of the Central Tian Shan with deep Moho, indicating the lithosphere is possibly
delaminated and the deformation of the Central Tian Shan is probably concentrated at the north and south
margins by the Tarim basin and Kazakh Shield, respectively. In contrast, West Tian Shan displays a simpler
lithospheric structure with a single deep Moho.

Plain Language Summary The ground motion caused by earthquakes can be recorded by
seismometers. The recorded seismograms contain information about the seismic structure of the Earth's interior
and can also be simulated using the numerical method. The differences between the simulated waveforms and
observed ones can be used to update the current seismic speed model. Meanwhile, the background noise mainly
caused by the ocean waves also contains information on the shear wave speed beneath the Earth's surface and
can also be simulated. Combining these two data sets, we obtained a detailed velocity structure beneath Central
Asia, which represents the western corner of the greatest continental collision between the Indian and the
Eurasian plates. Our model reveals a subducting slab from the Indian plate side beneath the Hindu‐Kush,
whereas, beneath the Pamir, the Indian plate lies flat and the Asian plate is pushed beneath the flat Indian plate.
In addition, we discovered different structures of the West and Central Tian Shan. The West Tian Shan has a
single deep crust‐mantle boundary (Moho). In contrast, Central Tian Shan has a more complicated Moho
structure, with the south and north parts showing deep Moho, which reflects underthrusting structures from the
Tarim basin and Kazakh Shield, respectively.

1. Introduction
The Himalaya‐Tibet‐Pamir mountain belts (Figure 1) share an evolutional history since about 60 Myr ago
(Najman et al., 2010), when the Neo‐Tethys Ocean finally closed and the Indo‐Eurasian collision began. These
connected mountain belts represent the largest active continental collision zone on Earth (Rutte et al., 2017). The
major morphotectonic provinces of the study area include the Pamir, Hindu Kush, and Tian Shan mountain belts,
the Tajik, Ferghana, and Tarim basins, as well as the Kohistan and Ladakh arcs (Figure 1).

The Tian Shan orogeny (Figure 2), as one of the most active and largest intracontinental orogenic zones on Earth,
was initiated in the Late Paleozoic as a result of the convergence of the Paleo‐Asian Ocean and multiple sub-
duction accretions in the late Paleozoic, with deformation lasting until the Mesozoic (Burtman, 2015; Xiao
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et al., 2013). It was reactivated since ∼25–20 Ma in response to the far‐field effects of the Indian and Eurasian
collisions (Yin et al., 1998). The Tian Shan is characterized by rugged topography, high peaks, and deep valleys.
It can be divided into East, Central, and West Tian Shan, each with distinct geological features. The Talas‐
Ferghana Fault is a major strike‐slip fault that significantly influences the geology of the area and separates
the Central Tian Shan from the Ferghana Basin and West Tian Shan.

The Pamir (Figure 2) is bounded by the sinistral Darvaz Fault to the west, the Main Pamir Thrust to the north, and
the dextral Karakorum Fault and Kashgar‐Yecheng Fault System to the east. The Sarez‐Karakul Fault System
divides the Pamir into western and eastern parts, the west is characterized by deep valleys and high mountains,
whereas the east is characterized by a plateau (Schurr et al., 2014). Pamir has a crust up to 80 km thick (e.g., Q. Xu
et al., 2021; Schneider et al., 2019) and its lithospheric terranes can be paired with an equivalent amalgamation of
terranes in Tibet, comprising Gondwana‐derived micro‐continents, subduction‐accretion complexes, and arcs
(Robinson et al., 2012). These terrane units were accreted to Asia during the Paleozoic and Mesozoic and are
nowadays separated by northward convex sutures (Schwab et al., 2004), namely the North Pamir‐Kunlun Suture,
the Akbaytal–Tanymas suture, and the Rushan‐Pshart suture, which outline an orocline and are the basis for the
subdivision of Pamir into the North, Central, and South Pamir (Figure 2). Geographically, south of the South
Pamir are the Tajik Pamir and Karakorum, which are separated by the Shyok Suture from the Kohistan‐Ladakh
Arc. The western and eastern flanks of the Central and South Pamir are namedWest and East Pamir, respectively.
Further west and east are the Afghan Pamir and Chinese Pamir. The Central and South Pamir crust experienced
Cenozoic high‐grade metamorphism and magmatism. The related rock outcrops have been discovered in
extensional gneiss domes: the Yazgulom, Sarez, Muskol, and Shatput domes in Central Pamir; the Shakhdara
dome in the South Pamir; and the Kongur Shan and Muztaghata domes in the East‐Chinese Pamir (Rutte
et al., 2017; Schmidt et al., 2011; Schneider et al., 2019). Compared to the equivalent Tibetan terranes, the Pamir
terranes were translated northward by around 300 km (Burtman & Molnar, 1993), and have a much reduced
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Figure 1. Map showing the study region and intermediate‐depth seismicity (>50 km) distribution for Central Asia. The
intermediate‐depth seismicity is retrieved from Kufner et al. (2017) and Bloch et al. (2021). The Tian Shan is divided into
West and Central Tian Shan in this study. The inset on the left upper corner shows the Indian‐Asian collision zone for
context. The thick black line denotes the boundary of the Indian plate at the surface.
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latitudinal extent, suggesting shortening by up to 60% in the north‐south direction (Waldhör et al., 2001; Schmidt
et al., 2011; W. Li et al., 2018). The shortening in the Pamir promotes lateral extrusion and deep subduction of the
crust in the Hindu Kush and Pamir (Kufner et al., 2017; W. Li et al., 2018). The Hindu Kush is located southwest
of the Pamir orogen and south of the Tajik Basin, containing the Paleozoic suture zone in the center and existing as
a subduction‐type orogen before the Indian‐Asia collision (Treloar & Izatt, 1993). Different from the Pamir, the
indentation of the Indian plate did not cause a significant northward offset in the Hindu Kush, but instead, the
collision initiated the formation of strike‐slip faults, and the displacement was translated via transfer systems into
the Central Pamir (Kufner, Schurr, et al., 2018; Schurr et al., 2014).

Different from Tibet, the Hindu Kush and Pamir host vigorous intermediate‐depth seismicity, reaching a depth of
about 250 km in the Pamir and 300 km in the Hindu Kush, common in oceanic subduction zones but rare in
continental collision environments mainly due to the scarcity of hydrous minerals in the continental mantle
lithosphere compared to the oceanic subduction zones (Bloch et al., 2021, 2023; Kufner et al., 2017, 2021; Sippl
et al., 2013).

In previous tomographic studies, a northward dipping slab break‐off in the deep upper mantle (down to 200–
300 km) has been imaged beneath the Hindu Kush (Koulakov & Sobolev, 2006; Kufner et al., 2016, 2017, 2021;
Replumaz et al., 2010), which was interpreted as the thin and extended western continental margin of the Indian

Figure 2. Map of geological features in the study area. Sutures are indicated by the red lines: North Pamir/Kunlun Suture
(NPS), Akbaytal–Tanymas Suture (ATS), Rushan–Pshart Suture (RPS), Shyok Suture (SS), Indus‐Yarlung (IYS). ATS and
RPS separate the Pamir into North Pamir (NP), Central Pamir (CP) and South Pamir (SP). South of SP are the Tajik Pamir
(TP), Karakorum, Kohistan Arc and Ladakh Arc. The western flank of the Pamir can be further divided into West (WP) and
Afghan Pamir (AP) whereas the eastern flank is named East (EP) and Chinese Pamir (CHP). Large faults in gray include
Main Pamir Thrust (MPT), Muji‐Tashkorgan Graben System (MT), Talas‐Ferghana Fault (TFF), Darvaz Fault (DF),
Kashgar‐Yecheng Fault System (KYTS), Karakorum Fault (KF), Sarez‐Karakul Fault System (SKF). White shaded areas
outline the Cenozoic gneiss domes of the Pamir including Yazgulom (Y), Sarez (SZ), Muskol‐Shatput (MS), Kongur Shan‐
Muztaghata (KM), Shakhdara‐Alichur (SA) and Karakoram Batholith (KB). The Pamir is separated from Tian Shan by the
Alai Valley (AV). Major faults are collected from the Central Asia Fault Database (Mohadjer et al., 2016) from website
(https://faults.smohadjer.de/), sutures and domes are retrieved from Kufner et al. (2016), W. Li et al. (2018), Schneider
et al. (2019), Kumar et al. (2022), and Chapman et al. (2018).
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plate (marginal India) by Kufner et al. (2016). Therefore, marginal India's crust and denser lithosphere are
supposed to be separated from Cratonic India and subducted beneath the Asian plate. In contrast, the Asian plate is
subducting southward and eastward beneath the Pamir crust (Sippl et al., 2013). Receiver function studies
(Schneider et al., 2013) revealed a double Moho beneath the Central Pamir, which links to delamination of the
Asian continental lower crust. The shallower Moho is around 70 km, whereas the deeper Moho deepens
southward, forming a south‐dipping feature. The double Moho is also detected beneath the East‐Chinese Pamir,
suggesting the eastward underthrusting of the Pamir lower crust beneath the East‐Chinese Pamir (Q. Xu
et al., 2021).

Most of the previous studies including tomography and receiver functions were based on temporary, spatially
restricted networks, lacking a comprehensive impression of the entire study domain. Teleseismic tomography
cannot easily separate anomalies in the crust and uppermost mantle or near horizontal layers due to smearing
along nearly vertical ray paths, such that starting model and crustal corrections exert a strong influence on final
results (Kufner et al., 2016, 2021). Local and regional travel‐time earthquake tomography (Sippl et al., 2013) can
only provide details for the crust and upper mantle in the selected regions but lacks resolution at larger depths.
Surface wave tomography (Kumar et al., 2022; W. Li et al., 2018; Liang et al., 2020) provides large‐scale crustal
and uppermost mantle images, however, the resolution is limited. Surface waves are primarily sensitive to shallow
structures, and the technique often relies on the fundamental mode of surface waves, neglecting the higher‐order
multimode signals that are essential for imaging deeper structures. Additionally, the frequency band limitations
and simplified assumptions based on 1D sensitivity kernels further constrain its resolution compared to 3D
surface wave full waveform inversion (Wang et al., 2018).

In this study, we employ a joint full waveform inversion (FWI) scheme to recover the seismic structure below the
Hindu Kush, Pamir, and Tian Shan regions. We include the seismic waveforms from intermediate‐magnitude
earthquakes in the study area and vertical component cross‐correlation empirical Greens' Functions extracted
from the ambient noise. Accurate numerical simulations of seismic wave propagation (e.g., Afanasiev et al., 2019;
Komatitsch & Tromp, 2002) through laterally heterogeneous models allow the modeling and inversion of
complex waveforms with the adjoint method (e.g., Chen et al., 2015; Fichtner et al., 2010; Gao, Yuan, et al., 2021;
Rodgers et al., 2024), providing abundant information related to the structure of the Earth. Advances in
computational power make it feasible to invert full waveforms to image the seismic structure at regional scales
down to relatively short periods, here 10 s with a spatial resolution down 20 km.

Our detailed 3‐D velocity model reveals the continental subduction of the Indian plate beneath the Hindu Kush
and the Asian plate subducting below the Indian plate beneath the Pamir. Meanwhile, our model also provides
first‐order constraints for future thermomechanical numerical models and may help to explain the lateral vari-
ations in the exhumation rules and collision style revealed by the geological records. Our model is also useful for
earthquake relocation, moment tensor inversions, and physics‐based ground motion estimations (Kufner
et al., 2023).

2. Data
Seismic waveforms were recorded by 21 permanent and temporary networks deployed at various periods between
1982 and 2019 (Figure 3a and Table S1 in Supporting Information S1) including 18 broadband networks and 3
short‐period networks (which are only used for P wave FWI of higher frequency stages). We collected centroid
locations, origin times, and moment tensors for 200 earthquake events with magnitudes between MW 5.0 and 7.0
within the study region from the Global Centroid Moment Tensor Catalog (GCMT) (Ekström et al., 2012). From
these 95 events were recorded clearly by at least 20 stations.

As pre‐processing, the instrument responses were removed from the raw seismic data to obtain ground
displacement. For each stage of the inversion, third‐order Butterworth band‐pass filters with corresponding
filtering bands were applied (see Section 3). Then at each stage, we made visual checks of the remaining events
and removed waveforms, which are noisy or showed obvious signs of cycle skipping compared to synthetics
computed with the current model. Events that did not provide waveforms for at least 20 stations (or at least 20
broad‐band traces) after this visual inspection were also removed. Removal of events with few useable records is
helpful as the computational cost of FWI scales with the number of events, and a practical approach is therefore to
maximize the amount of seismic waveform data for every event used in the study (Krischer et al., 2018).
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Furthermore, high‐quality empirical Greens' Functions (EGFs) were derived from cross‐correlations of the
vertical components of continuous seismic data for station pairs (Wang et al., 2018). We include 1,476 pairs of
stations (18 networks) from 233 unique stations and select 69 master stations as virtual sources for forward
simulations, covering the study domain (Figure 3b and Table S1 in Supporting Information S1). To extract
reliable Rayleigh wave signals, we first cut the continuous seismic data into 12 hr long segments and removed the
instrument response, then resampled the data to 1 Hz. To mitigate the effects of nonstationary phases caused by
earthquakes, time‐ and frequency‐domain normalization are commonly used. In this work, we use Noisepy (Jiang

Figure 3. (a) Ray path coverage for earthquake data and (b) EGFs. Yellow stars in (a) denote the earthquake centroid locations while yellow triangles in (b) denote the
master stations used as virtual sources. (c) Joint FWI workflow including earthquake waveforms and EGFs. The ray path coverage for the validation data set is illustrated
in Figure S1 in Supporting Information S1.
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& Denolle, 2020) to apply the two‐step spectral whitening including frequency‐domain normalization and
running‐mean average (RMA). The spectrally whitened continuous waveforms are then further split into 800 s
long segments which are then cross‐correlated for station pairs in the Fourier domain. The cross‐correlation
waveforms of the ZZ components are linearly stacked. The EGFs are then obtained as the negative time de-
rivatives of the stacked cross‐correlation waveforms between each station pair. In this study, only ZZ components
are used due to the simplicity of the reciprocity of Greens' functions for vertical components.

3. Methods
The waveformmodeling for earthquake waveforms and EGFs is accomplished by Salvus (Afanasiev et al., 2019),
which is a suite of highly parallelized spectral‐element solver of the seismic wave equation which includes
anisotropy, attenuation, ellipticity and topography.

3.1. Parameterization and Starting Model

The model is parameterized into velocities for vertically and horizontally propagating P waves (VPV and VPH) and
vertically and horizontally polarized S waves (VSV and VSH), density ρ and bulk attenuation Qκ and shear
attenuation Qμ. We extract an initial model from SP12RTS (Koelemeijer et al., 2015) and set VSV = VSH = VS

and VPV = VPH = VP to represent the isotropic velocity of SP12RTS. The SP12RTS is an isotropic VS and VP
tomography velocity model based on four million Rayleigh wave dispersion, 300,000 shear wave travel times,
400,000 P wave travel times, and 7,000 normal mode splitting function coefficients.

To reduce the possible bias from fixing density (Blom et al., 2017; Płonka et al., 2016), we update the density in
all iterations but abstain from its interpretation due to the inferior resolution compared to the seismic velocity
parameters. Attenuation is fixed based on PREM model values (Dziewonski & Anderson, 1981) through the
whole inversion because only the relative amplitudes and phase shifts are used.

In this paper, we translate the VSV and VSH into isotropic VS through the Voigt average (Panning & Romano-
wicz, 2006) for the final model, as the retrieved radial anisotropy might suffer from bias due to unevenly
distributed ray paths. We will only focus on the interpretation of isotropic VS, which is better resolved than VP due
to several factors, including the frequency range of the inversion, the larger amplitude of S and surface waves
compared to P waves, and the additional contributions of the Rayleigh waves from the EGFs, which are pre-
dominantly sensitive to VS. However, we also present, without interpretation, the isotropic VP model and radial
anisotropy in Supporting Information S1.

The spectral element mesh is shown in Figure S2 in Supporting Information S1, where the element size is adapted
based on the inversion period and relevant wavelength (with two elements per wavelength). In the crust, this
design results in the smallest element size of approximately 12 km, which allows the mesh to capture crustal
structures effectively. The mediumwavelength surface topography from the EGM2008 Geoid (Pavlis et al., 2012)
and Earth2014 global topography model (Hirt & Rexer, 2015) with Earth ellipticity according to WGS84 and the
Moho topography of Crust1.0 (Laske et al., 2013) are implemented by deforming the mesh grid vertically and
adding additional refined elements (Figure S2 in Supporting Information S1). The surface topography has been
filtered with the maximum angular order lmax = 1,024, equivalent to a spatial resolution of 20 km to fully
consider the topography complexity of the study domain. The maximum angular order for the Moho topography
is lmax = 128 equivalent to the spatial resolution of 155 km to interpolate the initial model SP12RTS (Koele-
meijer et al., 2015).

3.2. Forward Modeling of Earthquake Waveforms and Empirical Greens' Functions (EGFs)

For earthquake simulations, the band‐passed Heaviside source time function is applied, with the bandpass corners
set according to the different inversion stages. For the simulation of the EGFs, we use a Gaussian source time
function (Wang et al., 2018) injected at selected master stations as virtual sources and assume that the distribution
of ambient noise sources is homogeneous. Due to the inland environment of Central Asia, the potential bias
effects on the EGFs from non‐uniform primary microseism source distributions are expected to be small and
averaged through the stacking of over 1‐year (Kumar et al., 2022; Lü et al., 2019, 2021).

To reduce the effects of uneven coverage of seismic stations and events, we integrate event and station weightings
into the inversion, following the geographical weighting scheme from Ruan et al. (2019).
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3.3. Multi‐Scale Joint Inversion of Earthquake Waveforms and EGFs

Before introducing the inversion workflow and results, we introduce three misfit functions used here. Their
performance for different scenarios and seismic phase types has previously been evaluated (Gao et al., 2023; Y.
Yuan et al., 2020). The time‐frequency phase shift (TFPS), which was suggested by Fichtner et al. (2008) and
Kristeková et al. (2009), measures the instantaneous phase shift between synthetic seismograms and recorded
seismograms in the time‐frequency domain. The exponentiated phase shift (EPS) was designed to alleviate the
poor fitting of scattered waves due to phase discontinuities (jumps) in the time domain caused by the instanta-
neous phase shift (IPS) (Y. Yuan et al., 2020). EPS employs the Hilbert transform but calculates the waveform
differences in the real and imaginary parts and is therefore not affected by phase jumps.

The cross‐correlation‐coefficient (CCC) shares the simplicity of the least‐squares misfit and is defined as the
vector product between the normalized observed and synthetic data (Gao, Tilmann, et al., 2021; Tao et al., 2017).
The normalization term gives equal weight to each time window, regardless of its absolute amplitude, which can
be affected by uncertainties in the source parameters or receiver side effects. However, it retains the relative
amplitudes within a time window that helps to constrain the sharp boundary of the velocity anomalies; this in-
formation is prone to be ignored by the exclusively phase‐based measures of misfit.

Based on multi‐scale adjoint earthquake FWI (e.g., Gao, Tilmann, et al., 2021; Krischer et al., 2018; Wehner
et al., 2022), we initiate the inversion from long‐period data (60–100 s) using the TF as misfit function, then
gradually extend the period range to 20–100 s through four stages encompassing 25 iterations in total (Figure 4a).
We then switch to using the CCC to measure the relative amplitudes for the inversion of the shortest period, 15–
100 s in the fifth stage and 12–100 s in the sixth (Figure 4a and Figure S3 in Supporting Information S1). Because
the CCC is better suited to capture the waveform distortions from multi‐pathing or scattering after most of the
phase shifts have already been eliminated through the previous iterations (Gao, Yuan, et al., 2021; Tao
et al., 2017). The inversion is driven by the limited‐memory Broyden–Fletcher–Goldfarb–Shanno algorithm (L‐
BFGS) (Liu & Nocedal, 1989) following Gao, Tilmann, et al. (2021). From periods 20–60 s (iteration 17), we
simulate the EGFs and calculate the misfits between the EGFs and the synthetic Greens' functions using both
TFPS (Fichtner et al., 2008) and EPS (Y. Yuan et al., 2020) but do not yet use the EGFs for model updates. Both
misfit evolutions show similar patterns, but the TFPS is more sensitive to the previous model evolution
(Figure 4b).

For the joint inversion stage (from iteration 48, earthquake FWI:10–100 s and EGFs FWI:15–60 s), the most
difficult part is the correct processing of the misfit derivatives for the different data types with respect to the model
parameters (here misfit kernel). For the Rayleigh wave phases, the optimal misfit function is the TFPS which is
especially suited for model updates during the long period stages, where the improvements in waveform fits are
mainly due to decreases in phase shift. However, for the earthquake FWI at shorter periods, we expect to extract
more information about the interfaces of seismic anomalies from multi‐pathing or scattering.

Previous synthetic tests (Gao et al., 2023; Y. Yuan et al., 2020) demonstrated the robustness of EPS in improving
the resolution for both body wave and surface wave FWI. Thus, to comprise the relative amplitude measurements
for earthquake body waves and the phase shift measurements for both earthquake and EGF surface waves, we use
the EPS as the misfit function to calculate the misfits and adjoint sources for both data sets. We also calculate the
TFPS for the EGFs to monitor the misfit evolution (Figures 3 and 4). During the joint inversion, the effective
Rayleigh wave windows are selected from the EGFs and provide the phase shift misfit kernel for VSV parameter
updates and they are added to the VSV kernels of the earthquakes data set. Therefore, only VSV is jointly inverted
using both data sets (Figure S4 in Supporting Information S1), whereas other parameters are constrained from the
earthquake data. The detailed workflow is illustrated in Figure 3c.

3.4. Resolution Analysis

Uncertainty analysis for FWI is a challenging task, especially for the multi‐parameter cases in seismology where
the cross‐talking among parameters needs to be quantified. Instead of a computationally expensive synthetic
model recovery test, this study employs the computationally affordable and robust method of calculating point‐
spread functions (PSFs), which is approximated by the Hessian‐vector product Hδm at the global minimum.
Specifically, we approximate the Hessian‐vector multiplication through finite differences of two gradients by
perturbing the final model with a model variation test vector δm and obtaining the difference in the gradients
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Figure 4. (a) Misfit evolution for the joint FWI including earthquake waveforms and EGFS retrieved from ambient noise
data. The top‐left panel shows the misfit evolution for the long‐period earthquake FWI for the first 48 iterations. (b) Misfit
evolution for the 20–60 s EGFs from iteration 17–48. (c) Misfit evolution for the joint inversion process with both types of
misfit functions for cross‐validation.
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(Fichtner & Leeuwen, 2015; Fichtner & Trampert, 2011; Gao, Yuan, et al., 2021; Tao et al., 2018; Zhu
et al., 2015, 2017):

Hδm ≈ g(m + δm) − g(m) (1)

where g(m) denotes the summed gradient from the adjoint simulations for modelm, whereas g(m+δm) indicates
the gradient from the perturbed model m+δm. δm can be chosen to be visually interpretable, for example, a
checkerboard pattern. We note that this approach represents a conservative estimate of the resolution due to the
limited number of iterations lacking the simulation of the curvature of the misfit evolutions. Our study involves
two different data sets and three types of model parameters, therefore we performed separate resolution tests for
each parameter and additional tests for two data sets.

To assess the resolution in the crust and upper mantle, we calculate the VSV ‐PSFs for the earthquake data and EGF
data set separately. We carry out perturbation tests for both data sets at two different scales to distinguish the
resolution for the crust and upper mantle. Specifically, we perturbed the VSV model by adding velocity pertur-
bations (δm) in a three‐dimensional checkerboard pattern in the crust and upper mantle made up of Gaussian
spheres with ±1% maximum amplitude of the velocity for a specific depth. To assess the resolution of the upper
mantle, a Gaussian width σ of 30 km is used for the test. The horizontal and depth grid spacing of the Gaussian
spheres is 2° with an 80 km depth interval starting from 60 km depth. For the higher‐resolution test focused on
crustal structures, we use σ = 20 km and a grid spacing of 1° horizontally and 60 km vertically. The joint PSFs of
VSV for 20, 80, 140 and 200 km depth are displayed in Figure 5. We present the results of the estimation of the VSV

Figure 5. Point‐spread function for the VSV at 20, 80, 140, and 200 km based on the joint inversion.
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resolution separately for the two data sets in Supporting Information S1 (Figures S17–S19). We also calculate the
PSFs of VP and VSH only for earthquake data (Figures S20–S22 in Supporting Information S1).

Through the PSF tests for the VSV , we find that earthquake data has less horizontal smearing in the crust and upper
mantle down to 260 km than the EGFs, for which there is southwest‐northeast smearing in the deep crust and
upper mantle. However, in the upper mantle (80–140 km in depth), the Central Tian Shan area is also well
illuminated by EGFs. From the PSF comparison between the earthquake waveforms and EGFs, we conclude that
the surface waves derived from EGFs are prone to suffer from horizontal smearing. The earthquake FWI utilizes
body wave phases and therefore has a better distribution of ray path directions.

Through the multi‐parameter point‐spread tests, we could confirm that the resolution in the crust is the highest
(20–25 km). For the upper mantle, VSV , VSH and VP could be resolved with 30–40 km spatial resolution down to
250 km in depth, although they suffer from weak smearing and some cross‐talks between parameter classes,
particularly between VSV and VSH (Figures S17–S22 in Supporting Information S1).

4. Results
Here we present the final 3D seismic velocity model for Central Asia including Pamir, Hindu Kush, West‐Central
Tian Shan, Tarim, Tajik, and Ferghana Basin. Depth slices of isotropic S wave velocity are shown in Figures 6–9,
and cross sections in Figures 10 and 11. Additional cross‐sections are displayed in Figures S9 and S10 in Sup-
porting Information S1, results for VP are shown in Figures S5 and S8 in Supporting Information S1, and radial
anisotropy in Figures S11 and S12 in Supporting Information S1. We also provide the velocity image from
iteration 48 for comparison (Figures S13–S16 in Supporting Information S1).

We will introduce the major features of the VS model in the following section. The acronyms used in the figures
for geological features and tectonic units are listed in Table A1. The waveform comparisons for both data sets
between the observed and synthetic waveforms from the initial and the final model are displayed in Figures S23–
S54 in Supporting Information S1.

4.1. Crustal Structure and Moho Depth Estimation

In the shallow crust (10 km, Figure 6a), low‐velocity anomalies (down to − 25%) are imaged beneath the Tarim,
Ferghana and Tajik basins, representing thick sediments. Some deep faults can also be identified and are char-
acterized by low velocities, for example, the low‐velocity anomaly in the northwest corner of the Tarim basin
extends to 20 km and correlates with the location of a series of faults, consistent with surface wave tomography
results (W. Li et al., 2018; Lü et al., 2021) and local earthquake tomography (Bloch et al., 2021).

In the middle to lower crust (20–40 km, Figures 6b–6d), low‐velocity zones (LVZ1 and LVZ2, − 23% to − 20%)
mainly follow the curvature of the sutures and main thrust faults beneath the Afghan Pamir (LVZ2) and North
Pamir (LVZ1) as well as a part of West Tian Shan. LVZ1 displays its lowest velocity beneath the eastern part of
North Pamir, across the whole crust down to 80 km depth (Figure 8). Beneath the Shakhdara‐Alichur gneiss
dome, West Pamir, a weak low‐velocity anomaly (LVZ3, − 15%), separate from LVZ2, is detected. A southeast‐
northwest extending low‐velocity zone covers the central part of the Karakorum and Tajik‐South Pamir (LVZ4).
Isolated from the large‐scale Pamir low‐velocity anomalies(LVZ1‐4), a strong low velocity (LVZ5, − 20%) is
detected below the Hindu Kush, also consistent with previous studies (Kufner et al., 2021; W. Li et al., 2018). In
contrast, beneath the three basins, strong high‐velocity anomalies (+21%) indicate the presence of mantle lith-
osphere (40 km, Figure 6d) and imply a shallow Moho around 30 km. Low velocities (− 20% to − 10%) still
dominate the whole Pamir plateau and West Tian Shan in the 60–80 km depth slices (Figures 8a and 8b),
indicating the lowermost thickened crust.

To further estimate crustal thickness, we extract the Moho depth, following the contours of either 4.0 km/s or
4.2 km/s as a proxy for Moho depth (Lu et al., 2020), and compare the result with the Moho maps (Figure 7) from
previous receiver function (RF) studies (Schneider et al., 2019; Q. Xu et al., 2021) and Bouguer anomaly maps
(Bonvalot et al., 2012). We note that these two contours should be good proxies beneath the basins and the
orogenic systems (Lu et al., 2020; Nouibat et al., 2023) but could fail to represent the Moho depth in areas of
strong structural variation, for example, where subduction occurs. The strong low Bouguer anomaly occupies the
whole central part of Pamir and extends to the West‐Central Tian Shan and Hindu Kush, confirming the large‐
scale thick crust inferred from previous studies (ranging from 60 to 80 km). Along the west and east flanks of
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the Pamir and most of the North Pamir, we image aMoho as deep as 80 km (Figure 7), in agreement with previous
RF studies (Schneider et al., 2019; Q. Xu et al., 2021). In the eastern part of the Central Pamir, a relatively
shallowerMoho (60 km) is obtained, which is separated by the Sarez‐Karakul Fault System from the western deep
Moho (70–80 km). In contrast, beneath the basins, the Moho is shallow (30–50 km) and generally consistent with
RF studies (Schneider et al., 2019; Q. Xu et al., 2021). In addition, we detect a deepened Moho beneath the Hindu
Kush (over 90 km) (Acosta et al., 2023), Tajik Pamir (70–80 km) and West Tian Shan (70–80 km). The Hindu
Kush involves marginal Indian plate subduction, indicating prominent velocity perturbation and involving
complicated crustal‐mantle material exchange. We extend our analysis and interpretation in the next section. The
Tajik Pamir has potentially experienced cratonic Indian plate indentation, indicating past crustal thickening and
shortening (Kumar et al., 2022; Sass et al., 2014; Schneider et al., 2019). The West Tian displays a single and
narrow deep Moho along the orogeny. For the Central Tian Shan, the Moho depth varies significantly with
latitude. At the north and south edges of Central Tian Shan, a very deep Moho down to 70–80 km is observed
while the middle part of the Central Tian Shan exhibits a relatively shallower Moho (50–60 km, Figure 7),

Figure 6. Horizontal slices of the isotropic VS in the crust: four panels denote the isotropic VS in the crust. The magenta
circles denote the crustal seismicity retrieved from the previous study (Kufner, Schurr, et al., 2018) with 5 km interval in
depth.
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indicating a complicated sandwich thrust and orogeny structure (Huang et al., 2016; W. Li et al., 2022; Lü
et al., 2020; Zhang et al., 2020).

The Moho depth map (4.2 km/s) retrieved from the S wave velocity model agrees even better with previous
receiver function studies (Schneider et al., 2019; Q. Xu et al., 2021) than 4.0 km/s, not only in terms of variation
patterns but also absolute Moho depth. The newly estimated Moho depth based on this study provides a more
comprehensive Moho map for the whole western syntaxis of the India‐Asia collision system.

4.2. Upper Mantle Structure

In the uppermost mantle (60–80 km, Figure 8), high‐velocity anomalies (with S wave velocity ranging from 4.5 to
4.8 km/s, up to +7%) are imaged beneath the Tarim, Tajik, and Ferghana Basins, similar to the typical cratonic
velocities in the uppermost mantle of North America (e.g., H. Yuan et al., 2011). The high velocity and thin crust
(Figure 7) indicate a strong and stable cratonic lithosphere (Schneider et al., 2019; Xiao et al., 2010).

Figure 7. (a–b) Moho depth estimate using either 4.0 km/s (a) and 4.2 km/s (b) VS contours as proxy. (c) Moho depth from
previous receiver function studies (Schneider et al., 2019; Q. Xu et al., 2021). (d) Bouguer Anomaly from Bonvalot
et al. (2012).
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In contrast, the whole Pamir, Hindu Kush and West Tian Shan have a 60–80 km thick crust with low velocities
(Figures 8, 10, and 11). The low‐velocity anomalies (− 7%) penetrate deeper into the uppermost mantle, along the
Afghan and Chinese Pamir and part of the Tajik Pamir. Unlike the West Tian Shan, the Central Tian Shan
(Figure 8) displays a more heterogeneous mantle structure, with the central part demonstrating normal to high
velocities in this depth range, while the south and north edges display low velocities (W. Li et al., 2022),
correlating with the variational topography of theMoho. We note that the Hindu Kush shows an even stronger and
deeper low‐velocity anomaly than the Pamir at 100–120 km depth, which is then hard to attribute to a depressed
Moho or felsic composition of the lower crust alone but rather is likely to be related to subduction of the lower
crust and/or the presence of higher temperatures or fluid concentration (Kufner et al., 2016, 2021), we will expand
our discussion in the next section.

In the upper mantle (100–120 km), the South‐Tajik Pamir is underlain by a large and strong high‐velocity
anomaly (HVZ2, +6% in Figures 8–11), which is separated by a narrow weak low‐velocity zone (LVZ6,
− 2%) from the curved high‐velocity anomalies (HVZ3 and HVZ4, +7%), beneath the Afghan and North Pamir

Figure 8. (a–c) Horizontal slices of isotropicVS in the lower crust and uppermost mantle from 60 to 100 km. (d) Displays the
profile locations in Figures 10 and 11. More cross‐section profiles and model images are illustrated in Figures S9 and S10 in
Supporting Information S1. For the explanation of acronyms, see Table A1 and the caption of Figure 2. The magenta circles
denote the intermediate depth seismicity retrieved from previous studies (Bloch et al., 2021; Kufner et al., 2017; Sippl
et al., 2013) with 5 km interval in depth.
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(Sippl et al., 2013; W. Li et al., 2018; Liang et al., 2020; Kumar et al., 2022); LVZ6 coincides with intermediate‐
depth seismicity (Bloch et al., 2021; Kufner et al., 2016). The northeast corner of HVZ2 is separated by another
strong low‐velocity anomaly LVZ7 (− 7%) from the Tarim Basin.

The Central Tian Shan is underlain by a large low‐velocity anomaly (LVZ9, − 6%), which extends from 100 to
220 km depth, similar to previous tomography studies (Y. Xu et al., 2007; Z. Li et al., 2009; Gilligan et al., 2014;
W. Li et al., 2022) and is separated by the Talas‐Ferghana fault from the Ferghana Basin and the northwest tip of
the Tarim Basin. Meanwhile, beneath the eastern Tajik Basin, small‐scale low‐velocity anomalies are observed to
the northwest of the Hindu Kush and Afghan Pamir (Kufner et al., 2021), possibly indicating the presence of
asthenosphere at these depths.

In the deeper upper mantle beneath the Hindu Kush and Afghan, West and North Pamir, we can still observe high‐
velocity anomalies with HVZ3 down to 180–200 km and HVZ1 (+7 to +8%) and HVZ4 down to >220 km,

Figure 9. Horizontal slices in the upper mantle from 120 to 220 km. The magenta circles denote the intermediate‐depth
seismicity retrieved from previous studies (Bloch et al., 2021; Kufner et al., 2017; Sippl et al., 2013) with 5 km interval in
depth.
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hinting at a subduction or delamination environment involving lithospheric material dripping or subducting.
HVZ1 also seems to extend eastward beneath the Kohistan Arc region with depth down until 220 km where it
becomes weaker. In cross‐sections b and c (Figure 10) beneath the Hindu Kush, the high‐velocity anomaly
(HVZ1) steeply dips northward down to ∼180 km, then becoming nearly vertical below 200 km and reaching the
bottom of the resolved region, consistent with previous teleseismic tomography results (Koulakov & Sobo-
lev, 2006; Kufner et al., 2016, 2021), which imaged high velocities extending down to 400–600 km. HVZ1 can be
traced further east along the cross‐section profile e (Figure 10), but, it is no longer accompanied by intermediate‐
depth seismicity there.

Figure 10. Four vertical south‐north cross‐sections from west to east. The position of cross‐sections is indicated in Figure 8.
The magenta circles denote the seismicity (swath width 25 km) retrieved from previous studies including (Bloch et al., 2021;
Kufner et al., 2016, 2017). The short white dashed lines in the crust denote the position and dip direction of the tectonic faults
(Mohadjer et al., 2016). The red bars on the surface mark the position of Cenozoic gneiss domes (Schneider et al., 2019). The
red dashed lines in Profile e denote the position of the delaminated lower crust derived from receiver function studies
(Schneider et al., 2013).
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Beneath the Afghan and West Pamir (cross‐section i‐j, Figure 11), the high‐velocity anomaly HVZ4 seems only
weakly connected or even separate from two high‐velocity anomalies that correspond to the lithosphere beneath
the Tajik Basin and the large‐scale high velocity (HVZ2) beneath the Tajik Pamir and Karakorum. In contrast,
beneath the northern and Central Pamir (cross‐section e in Figure 10), the upper mantle's high velocity (HVZ3)
dips southward down to 200 km depth with intense seismicity and a low‐velocity layer (LVZ6) at the top.

5. Discussion
5.1. Subduction of the Marginal Indian Slab Beneath the Hindu Kush

A subduction setting for the Hindu Kush has been proposed and documented by previous studies (Burtman &
Molnar, 1993; Kufner et al., 2016, 2021) but is also challenged by an alternative interpretation involving lith-
ospheric foundering from the Asian side, such as sinking and stretching of thickened Asian mantle lithosphere
beneath the Hindu Kush (Molnar & Bendick, 2019; Perry et al., 2019). The subduction interpretation (Kufner
et al., 2021; W. Li et al., 2018) argues that the marginal Indian slab is subducting beneath the Hindu Kush,
deepening eastwards and even breaking off at a depth of 200–300 km beneath the western Hindu Kush, to over
600 km beneath the central Hindu Kush (e.g., Kufner et al., 2016, 2017, 2021). Beneath the Hindu Kush (Profiles
b and c in Figure 10), we image a northward dipping high‐velocity anomaly (HVZ1) in the upper mantle, which
could further support and confirm the subduction environment, that the subducting marginal Indian plate is
subducting northwards beneath Hindu Kush and Tajik Basin. A low‐velocity layer (LVZ8) is attached on the top
of the subducting Indian slab (HVZ1), parallel to the steeply subducting mantle lithosphere; this layer hosts most
of the intermediate‐depth seismicity at 100–150 km depth (Profile c in Figure 10). This structure possibly rep-
resents the lower crust of the marginal Indian plate (Kufner et al., 2021), indicating lower crust subduction and
strong coupling between the lower crust and mantle lithosphere. Metamorphic dehydration reactions within the
subducted lower crust may reduce the effective pressure and thus enable intermediate‐depth seismicity through
dehydration embrittlement effects (Hacker et al., 2003), for example, along pre‐existing weakness zones such as
fossil faults.

Figure 11. Four oblique cross‐sections across the boundaries of the Tajik basin and West Pamir (i–j), Tarim basin and East
Pamir (o–n). The position of cross‐sections is indicated in Figure 8d. Other elements are the same as Figure 10.
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In the overriding plate beneath the Hindu Kush, extensive low‐velocity anomalies in the lower crust may indicate
melting in the overthickened crust (up to 90 km thick). The dehydration effects of the subducting crust may
provide an additional source of fluids that migrate into the lower crust of the overriding plate and lower the
melting point there. Melt production might be further promoted by rapid exhumation of previously delaminated
crust, which would be a mechanism to add heat energy to the crust via advection, as proposed by Kufner
et al. (2021).

Deeper seismicity at depths larger than 200 km is mainly located within the lithospheric slab mantle. It is triggered
by the hyper‐extension of the slab caused by the loss of slab buoyancy following eclogitization in the subducting
crust (Kufner et al., 2017, 2021). Note that from profile (b) to (c), there is a change of the overriding plate from the
relatively flat and rigid Asian lithosphere beneath the Tajik basin to the highly deformed Asian lithosphere
(HVZ4) beneath the Afghan Pamir where the Asian plate is believed to be delaminated beneath the Central and
West Pamir (Schneider et al., 2019; Sippl et al., 2013); therefore we observe a shallow Moho beneath the Tajik
Basin along profile (b), while a deep Moho and southeastward dipping lithosphere are seen in profile c.

The steeply subducting Indian slab beneath the Hindu Kush can be traced eastward beneath the Kohistan Arc to
the south of Pamir in our model (Figure 10). Kufner et al. (2017) proposed a break‐off in the subducted Indian slab
at a depth of about 180 km that started from the eastern Hindu Kush and propagated westwards. The involvement
of the lower crust in the subducted slab adds buoyancy to the upper portion of the slab, causing slab shearing,
necking, and break‐off. While this process is still ongoing beneath the Hindu Kush, the deeper slab portion
probably has already detached beneath the Kohistan Arc, leaving the upper slab portion hanging in the mantle.
This slab segment was overridden by the continuously northward advancing cratonic Indian lithosphere (HVZ2).
Due to buoyancy, this remnant slab segment remains neutrally buoyant in the upper mantle without being
recycled into the deep mantle. It is not associated with any earthquake activity. However, due to the data coverage
limitations, this interpretation remains tentative until more extended station coverage can be implemented for
south of 36° N in the Kohistan Arc.

5.2. Indentation of Cratonic Indian Lithosphere

Beneath the Pamir, the marginal India slab has detached from the cratonic Indian lithosphere (Kufner et al., 2016;
Sippl et al., 2013). The cratonic Indian plate continues to move northward and indents into the South and Central
Pamir, forcing Asian plate delamination and rollback (Kufner et al., 2016; Schneider et al., 2019; Q. Xu
et al., 2021), leading to an arc shape deep Moho trough. Due to data coverage limitation, most previous studies
only revealed the low‐velocity zone in the uppermost mantle along the intermediate‐depth seismicity (W. Li
et al., 2018; Liang et al., 2020; Sippl et al., 2013). The cratonic Indian plate beneath the Pamir has not been imaged
clearly in these studies even though recent large‐scale surface wave tomography (Kumar et al., 2022; Liang
et al., 2020) captured some clues about the indented Indian plate beneath South Pamir and Tajik Pamir at 100 km
depth. At the same depth (Figure 8), our model depicts a promontory‐shaped high‐velocity anomaly (HVZ2) with
its northern boundary meeting the curved intermediate‐depth seismicity zone extending from the West‐Afghan
Pamir to the central and East‐Chinese Pamir. We interpret this feature as the cratonic Indian plate, agreeing
with the predicted location from numerical modeling results (Liao et al., 2017). In depth, the cratonic Indian plate
is flat, very distinct from the steep marginal Indian slab beneath the Hindu Kush. Along Profile e in Figure 10, the
cratonic Indian plate meets the Asian plate beneath the Central Pamir at 38–39°N. The thickness of the flat
Cratonic Indian plate lithosphere is around 50–75 km with an S wave velocity of 4.5–4.8 km/s, which is in the
range of shear wave velocity values of typical cratonic lithosphere (H. Yuan et al., 2011).

The direct observation and discovery of the indented and promontory‐shaped cratonic Indian plate lithosphere
beneath Pamir serve to confirm several previous interpretations about the location of the cratonic Indian plate and
reason for the delamination of the Asian plate (e.g., Burtman & Molnar, 1993; Kufner et al., 2017; Sippl
et al., 2013), which could further explain the over‐thickened crust (Schneider et al., 2019), the development of arc‐
shape amalgamation and strike‐slip faults along the west and east flanks of the Pamir (Schurr et al., 2014). The
position and shape of the indented cratonic Indian plate in relation to subducted slabs are further illustrated in the
conception model shown in Figure 12. In the following subsections, we will expand our interpretation and dis-
cussion of the tomographic model in the contact zone within the crust and uppermost mantle along the collision
front of the cratonic Indian and original Asian lithosphere including the Tajik‐Tarim basins and amalgamation
terranes in the Pamir.
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5.2.1. Intense Delamination of the Asian Lower Crust and Lithosphere, Fluid Migration, and
Accumulation

The profile along 73°E (Profile e in Figure 10) depicts the direct collision scenario between the Indian craton with
the Asian plate beneath the Central Pamir, parallel to the NNW convergence direction. The collision has pre-
viously been explored through travel time tomography (W. Li et al., 2020; Sippl et al., 2013), receiver functions
(W. Li et al., 2020; Schneider et al., 2013), and guided wave modeling (Mechie et al., 2019), which revealed a
south‐dipping low‐velocity zone with a thickness of around 10–15 km, interpreted as the Asian delaminated
(subducting) lower crust. In this study, the thin delaminated lower crust is recovered as a low‐velocity layer
(LVZ6) attached to the southward delaminating high‐velocity Asian plate lithosphere (HVZ3) beneath the Central
Pamir. The very deep Moho to 80 km (Figure 7) beneath the Central Pamir is highly consistent with receiver
function studies (Schneider et al., 2013, 2019), which discovered a double Moho beneath the Central Pamir. The
southward dipping Moho (lower red dashed line in Figure 10e) due to the delamination of the lower crust agrees
very well with the bottom of the low‐velocity delaminated lower crust (LVZ6) in our model.

The delaminating lower crust from the Asian plate follows the intermediate‐depth seismicity down to 150 km.
The lower crust is then indistinguishable from the asthenosphere beneath the indenting lithosphere of the Indian
carton (HVZ2). The disappearance of intermediate‐depth seismicity deeper than 150 km indicates that meta-
morphic reactions terminate within the lower crust before it submerses into the deeper mantle. With metamorphic
reactions within the delaminating lower crust of the Asian plate will release some metamorphic fluids (W. Li
et al., 2020; Sippl et al., 2013), which will migrate upwards and accumulate within the overridden middle‐lower
crust of the Central‐North Pamir. Fluids possibly further facilitate the crustal partial melting causing prominent
low velocities (LVZ1) in the middle‐lower crust (Profile e in Figure 10; Figures 6c and 6d). These low‐velocity

Figure 12. Geodynamic process cartoon for Pamir and the Hindu Kush, modified from W. Li et al. (2018). In the west (left),
marginal India is underthrusting the Tajik basin, and then subducting steeply below the Hindu Kush. At 150–180 km depth
this slab is undergoing breakoff. An older slab, which has detached previously, can be seen further east below the Kohistan
Arc. To the east of the Marginal Indian slab, the cratonic Indian plate acts as a rigid indenter of the Pamir. This process
triggers delamination of the lower crust and mantle lithosphere from the Asian plate, leading to the presence of a continuous
slab down to 120–150 km. Here, the delaminating Asian slab beneath the West Pamir extends deeper than the North Pamir.
Below this depth, lower curst material can be expected to eclogitize, meaning it will no longer be visible in the mode or
generate earthquakes, but the crustal slivers might remain.
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anomalies in the middle‐lower crust correlate with the existence of high conductivity zones from magnetotelluric
experiments (Sass et al., 2014). The low‐velocity anomaly is also consistent with the position of suture zones
including Rushan–Pshart Suture and Akbaytal–Tanymas Suture, which separates the Pamir into South, Central,
and North Pamir, respectively, and represents weak zones with brittle deformation with vigorous crustal seis-
micity (Figure 6c). Meanwhile, the delamination of the Asian lithosphere possibly drove the overlying Pamir
crust from a compressional state into an extensional regime, facilitating the exhumation of metamorphic rocks in a
series of Pamir gneiss domes (Tang et al., 2024; Worthington et al., 2020), such as the Sarez gneiss dome.

Above the flat Indian plate (HVZ2), the lower crust also displays low‐velocity features (LVZ3, 4) extending from
South Pamir to the Karakorum, consistent with the location of the Shakhdara‐Alichur dome and Karakoram
Batholith (Profile e in Figure 10). Sass et al. (2014) detected very high electrical conductivities in the middle‐
lower crust beneath the South Pamir, representing the crustal partial molten rocks beneath these gneiss domes
and batholith (Schneider et al., 2019).

5.2.2. Westward Pamir Crust Extrusion and Tajik Basin Lithosphere Delamination

The Tajik Basin is covered by thick low‐velocity sediments up to 10 km (Chapman et al., 2020) and a normal crust
(around 40 km) is imaged by receiver function (Schneider et al., 2019), local tomography (Kufner et al., 2017;
Sippl et al., 2013) and this study (Figure 6; Profile b in Figure 10 and Profile i‐j in Figure 11). The mantle
lithosphere beneath the Tajik Basin extends from the shallow Moho down to around 100 km depth. At the base of
the sediments (10 km), intense seismicity (Kufner, Schurr, et al., 2018) is detected and dips progressively south‐
eastward within a low‐velocity layer until it intersects the Moho (Profile i in Figures 7 and 11). The seismicity
pattern has been documented by regional seismotectonic studies (Kufner, Schurr, et al., 2018; Schurr et al., 2014),
which explain west‐east sub‐horizontally orientated thrust focal mechanisms in this area as a horizontal slip of the
sediments over the basal décollement, marked by the Jurassic evaporite layer.

In this study, the northern and eastern margins of the Tajik Basin are first characterized by low velocities in the
upper‐middle crust with a shallowMoho. Transitions to a thick crust and low velocities in the lower crust occur on
the edges of the Tajik basin: the West Tian Shan in the north (Profile b in Figure 10) and Afghan Pamir in the
southeast (in Profile i in Figure 11). The latter transition is marked by the east‐dipping sinistral Darvaz fault,
which delineates the boundary between the Tajik Basin and Afghan Pamir. These structures form a southeast
dipping crustal low‐velocity ramp (LVZ2) from the Tajik Basin to the Afghan‐West Pamir. The clear low‐
velocity ramp revealed in this study is also accompanied by intense seismicity, which shows a dominant thrust
component (Kufner, Schurr, et al., 2018).

Similar to the structure beneath the northern Central Pamir along Profile (e), where the lithosphere and lower crust
of the Asian Plate delaminates, we detect a southeast dipping high‐velocity structure (HVZ4) beneath the Afghan
and West Pamir correlating with dipping intermediate‐depth seismicity along Profile i and j in Figure 11. We
confirm that with the northward indentation of the Cratonic Indian lithosphere, the sinistral Darvaz fault accom-
modates the large‐scale northward movement of the Pamir crust relative to the rigid Tajik Basin (Ge et al., 2022).
Meanwhile, the upper crustalmaterial collapses and extrudeswestwards across theDarvaz fault and a series of east‐
dipping thrust faults. The sedimentary stack of the Tajik basin along with upper‐middle crust material is under-
thrusted as the footwall of this fault zone. Buoyant upper‐middle crust material is then accumulated beneath the
West‐Afghan Pamir, causing the formation of the thickest crust in this region and contributing to the formation of
the Shakhdara‐Alichur dome with the delamination of the Asian plate from the Tajik Basin.

In addition, the south‐east delaminated Asian plate (HVZ4) from the Tajik Basin seems to be thinned at a depth of
150 km, forming a necking feature (Profile i and j in Figure 11), potentially indicating a tearing or breaking‐off
process of the delaminating slab due to the negative buoyancy (More cross‐sections could be found in Figure S10
in Supporting Information S1). As continuous northward indentation, the cratonic Indian plate is driving the
delamination of the Asian plate, the lower crust is pushed to the deep where it undergoes eclogitization, such that
the buoyancy drops and the necking of the slab is triggered (Figure 12).

5.2.3. Underthrusting of Pamir Lower Crust and Delamination of Tarim Basin Lithosphere

Beneath the Chinese Pamir, a thick and strong low‐velocity anomaly (LVZ7) penetrates from the lower crust
down to 150 km, forming the top boundary of an intermediate‐seismicity cluster (Profile o in Figure 11). We can
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clearly distinguish the Indian plate from the Asian plate beneath the Tarim Basin. Receiver function studies reveal
a Moho doublet, which is interpreted as underthrusting of the lower crust from the South and East‐Chinese Pamir
(Q. Xu et al., 2021; Bloch et al., 2021), which spatially correlates well with the low velocity from our model.
Meanwhile, the exhumation of delaminated crust from the Asian plate or Pamir crust may also occur and cause the
formation of gneiss domes including the Muskol‐Shatput dome and the Kongur Shan‐Muztaghata dome. These
high‐grade gneiss domes are formed by large‐scale crustal extension with exhumation from 30 to 50 km depth
(Hacker et al., 2017; Schneider et al., 2019). Interestingly, beneath the Muskol‐Shatput dome, erupted xenoliths
were also found, indicating a rapid thickening and foundering of the Pamir lithosphere at 14–11 Ma, before and
synchronous with the collision between Indian and Asian lithospheres beneath the Pamir (Shaffer et al., 2017).
Our model probably captured a channel (LVZ7) composed of foundering crustal material, which might include
fragments of Indian plate affinity from the southwest and Asian plate affinity from the east, causing a localized
Moho depression and exhumation of the foundering crust with partial melts, supported by the erupted xenoliths in
the Chinese Pamir (Shaffer et al., 2017).

The lithosphere from the Tarim Basin seems to be southwest dipping, extending from the base of the Tarim Basin
down to 150 km beneath the Chinese Pamir. We infer that the delamination of part of the Asian lithosphere from
the Tarim Basin is ongoing beneath the transition between the East‐Chinese Pamir and the northwest tip of the
Tarim. Due to the data coverage within the Tarim basin, the resolution for the East Pamir is worse than the
Northern and West Pamir, so we will not discuss these structures further.

5.3. Contrasting Lithosphere Structure of the Western and Central Tian Shan

The model in this study showed significant differences in the seismic structure of the crust and upper mantle
between the West and Central Tian Shan. The crust features a low‐velocity zone and a deep Moho, forming a
narrow Moho trough (Figures 6 and 7) beneath the West Tian Shan (Schneider et al., 2019). In contrast, the crust
of the Central Tian Shan exhibits high velocities except for the weak low‐velocity anomaly within the upper crust
along the Talas Ferghana fault, indicating the deep penetration of this fault (Figure 6b). The Moho beneath the
Central Tian Shan is more complicated than the West Tian Shan. The north and south parts of Central Tian Shan
are characterized by a deep Moho of 80 km whereas the Moho in the central part is shallower (50 km). The
shallower Moho (Gilligan et al., 2014) is underlain by a small‐scale high‐velocity mantle lid at a depth of 50–
100 km just beneath the low‐topographic middle Central Tian Shan (Profile g in Figure 10). Beneath this weak
high‐velocity lid we interpret the large‐scale low‐velocity (LVZ9) as asthenosphere.

Several receiver function studies (W. Li et al., 2022; Lü et al., 2020; Zhang et al., 2020) depicted a roughly similar
Moho pattern. Lü et al. (2019, 2021) directly attributed the LVZ9 in the uppermost mantle beneath the Central
Tian Shan to the upwelling of a mantle plume but ignored the existence of the lithosphere lid in the middle of the
Central Tian Shan (Gilligan et al., 2014; W. Li et al., 2022). This thin lithospheric lid is accompanied by a deep
Moho and thrust faults on both sides which provides evidence for underthrusting of the Tarim Basin block beneath
the southern margin of the Central Tian Shan (Huang et al., 2016) and the Kazakh shield beneath the northern
margin (Z. Li et al., 2009; W. Li et al., 2022). The lithosphere beneath the middle Central Tian Shan might be
partially delaminated and broken compared to the Tarim Basin, which is rather stable. In contrast, the West Tian
Shan orogeny, rather narrow, is sandwiched by the Tajik Basin, Pamir Plateau and Ferghana Basin, to the south
and north, respectively.

6. Conclusion
In this study, we employed joint full waveform inversion based on earthquakes and empirical Greens' functions
extracted from ambient noise to image the seismic velocity structure in the crust and upper mantle beneath Central
Asia including the Hindu Kush, Pamir, and West and Central Tian Shan. We discussed the VS model, which has
the best resolution but also inverted for and presented the P wave and radial anisotropic S wave velocity models.
The new velocity model provides a more comprehensive understanding of the current configuration among the
marginal Indian and cratonic Indian plates, the Asian plate beneath the Pamir, the Tian Shan, and the cratonic
Asian plate beneath the cratonic basins.

We analyze the interactions among adjacent tectonic units based on our seismic model. Many of our conclusions
are summarized in Figure 12.
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1. Beneath the Hindu Kush, our model clearly images the marginal Indian lithosphere subducting steeply
northwards beneath the HinduKush and Tajik Basin. The subduction of the lower crust attached to themarginal
Indian lithosphere causes metamorphic reactions, providing a source of heating and fluids for the melting of the
lower crust of the overriding plate; parts of the crust appear to be exhumed later. An older part of the Marginal
Indian slab probably extends below the Kohistan Arc after breaking off from the upper portion of the slab.

2. This study provides a first clear image of the indenting cratonic Indian plate promontory beneath the Pamir as a
flat high‐velocity anomaly. As a response, the lithosphere and the lower crust of the Asian plate beneath the
North and Central Pamir are delaminating southwards beneath the cratonic Indian plate, causing the deepest
Moho of Earth. This process is likely driven by the Indian craton acting as a rigid indenter in the collision with
the Asian terranes.

3. Due to the indentation of the cratonic Indian plate, we imaged the lower Asian crust being underthrusting
beneath the Afghan‐West Pamir together with the delamination lithosphere of the Asian mantle lithosphere,
forming a continuous curved slab, which is potentially thinned and even breaking off in the deep upper mantle.

4. Along the boundary between theTarimBasin andEast Pamir boundary, a thicker low‐velocity layer is imaged in
the uppermostmantle and possibly indicates amultiple stacking of crust from the Pamir, Asian plate, and Indian
plate, forming a channel of crustal exhumation and partial melts and causing gneiss domes and eruption of
xenoliths.

5. The West and Central Tian Shan display significantly different lithosphere structures: the lithosphere beneath
the Central Tian Shan possibly has suffered from large‐scale destruction with some remnant lid left. The West
Tian Shan has a deep Moho due to strong shortening induced by squeezing from the Tajik Basin and Ferghana
Basin.

Appendix A: Table of Acronym
The detailed definitions of all geographic acronyms and methodological acronyms mentioned in the figures and
main context are listed below.

Table A1
Definitions of All Geographic and Methodological Acronyms

Acronym Explanation Acronym Explanation

AP Afghan Pamir NPS North Pamir/Kunlun Suture

ATS Akbaytal–Tanymas Suture NP North Pamir

AV Alai Valley RPS Rushan–Pshart Suture

CHP Chinese Pamir SA Shakhdara‐Alichur dome

CP Central Pamir SKF Sarez‐Karakul Fault System

CTS Central Tian Shan SP South Pamir

DF Darvaz Fault SS Shyok Suture

EP East Pamir SZ Sarez dome

FGB Ferghana Basin TB Tarim Basin

HK Hindu Kush TFF Talas‐Ferghana Fault

IYS Indus‐Yarlung suture TJB Tajik Basin

KB Karakoram Batholith TP Tajik Pamir

KF Karakorum Fault WP West Pamir

KM Kongur Shan‐Muztaghata dome WKL West Kunlun

KYTS Kashgar‐Yecheng Fault System WTS West Tian Shan

MPT Main Pamir Thrust Y Yazgulom dome

MS Muskol‐Shatput dome MT Muji‐Tashkorgan Graben System

FWI Full waveform inversion EPS Exponentiated Phase Shift

CCC Cross Correlation Coefficient IPS Instaneous Phase Shift

EGFs Empirical Greens' Functions TFPS Time‐Frequency Phase Shift
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Data Availability Statement
Waveform data and station meta‐data were downloaded using the ObsPy (Krischer et al., 2015) module through
the International Federation of Digital Seismograph Networks (FDSN) web services and obtained from the
GEOFON data centre of the GFZ German Research Centre for Geosciences and EarthScope Consortium Data
Services. Networks used in this study are listed in Supporting Information S1 (Table S1) including 4C 2017–2019
(Kufner, Kakar, et al., 2018), 5C 2012–2014 (Schurr et al., 2012), 6C 2009–2010 (Haberland et al., 2009), 6C
2013–2014 (Schurr et al., 2013), 7B 2008–2010 (X. Yuan et al., 2008), 8H 2015–2017 (X. Yuan et al., 2017), 9H
2016–2017 (Schurr et al., 2017), CB (Institute of Geophysics China Earthquake Administration
(IGPCEA), 2000), G (Institut de physique du globe de Paris (IPGP) & École et Observatoire des Sciences de la
Terre de Strasbourg (EOST), 1982), GE (GEOFON Data Centre, 1993), IU (Albuquerque Seismological Lab-
oratory (ASL)/USGS, 1988), II (Scripps Institution of Oceanography, 1986), KC (Central Asian Institute for
Applied Geosciences, 2008), KN(I. Kyrgyz Institute of Seismology & University of California, 1991), KR (K.
Kyrgyz Institute of Seismology, 2007), TJ (Geophysical Survey of the National Academy of sciences of
Tajikistan, 2009), XP 2005–2007 (Roecker, 2005), XW 1997–2001 (Roecker et al., 1997), Y2 2007–2011
(Roecker & Levin, 2007), YT 2001 (Poupinet et al., 2001). The detailed earthquake and station information are
listed in Tables S2 and S3 in Supporting Information S1. The waveform data of the earthquakes (including
earthquake information) and Empirical Green's Functions (EGFs) used in this study are available at Gao (2024).
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