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Abstract A new technique for P-wave receiver function (PRF) inversion, within the framework of wave
equation-based adjoint tomography and referred to as receiver function adjoint tomography (RFAT), has been
developed to obtain models of Vp, Vs, and density. This innovative technique fits the synthetic PRFs with
observed PRFs and can better image the lateral variations of Vs from the crust to the uppermost mantle than
traditional 1-D PRF inversion. We utilized RFAT to perform high-resolution imaging beneath a dense seismic
array in Southeastern Tibet, revealing low-velocity zones extending from the uppermost mantle to the crust,

as well as an eastward dipping Moho under the Red River Fault (RRF). Our inversion results provide direct
evidence for the existence of a distinct asthenospheric upwelling channel beneath the RRF, and further highlight
the effectiveness of RFAT for accurately imaging subsurface structures.

Plain Language Summary We have developed a novel technique that allows for direct inversion
of P-wave receiver functions for a detailed 3-D S-wave velocity model. By applying this technique to a dense
seismic array located in the southeastern margin of the Tibetan Plateau, we can resolve detailed crustal and
uppermost mantle structures with strong lateral variations. The results indicate that the boundary faults of
the geological blocks play a critical role in controlling the lateral variations of the crustal and upper mantle
structures. Our findings provide new insights into the dynamics of lithosphere-asthenosphere interactions and
continental collision processes in this region.

1. Introduction

The P-wave receiver function (PRF) is extracted from the P wave coda by deconvoluting the vertical component
of a teleseismic waveform from its radial component (Langston, 1979; Ligorria & Ammon, 1999). Traditional
PRF imaging techniques, including common conversion point (CCP) stacking (Dueker & Sheehan, 1997), H—«
stacking (L. Zhu & Kanamori, 2000), and 1-D inversion of PRFs (either alone or in combination with surface
wave dispersions (SWDs)) (Ammon et al., 1990; Bodin et al., 2012; Julia et al., 2000), use scattered phases
embedded in PRFs such as Ps and PpPs to determine subsurface discontinuity depths and S-wave velocity struc-
tures. It is crucial to note that phases in PRFs are generated not only by subsurface discontinuities but also by
potential irregular scatterers. However, the above-mentioned methods assume that the subsurface has a 1-D hori-
zontal layered subsurface structure, which limits their ability to image 3-D subsurface structure with strong lateral
heterogeneities (e.g., subduction zones and continental orogenic belts), where P-wave coda may be generated by
complex scatterers instead of horizontal discontinuities.

To overcome the limitations of traditional PRF techniques, it is important to consider the influence of finite
frequency effects of teleseismic P-wave coda on the interaction between wave propagation and complex heter-
ogeneities (Monteiller et al., 2015; Tong et al., 2014a). In a recent study, de Jong et al. (2022) has calculated
2-D finite frequency misfit kernels of PRFs based on the wave equation and the adjoint method (Q. Liu &
Tromp, 2008; Tromp et al., 2005), which allows for the integration of PRFs-based objective functions and the
adjoint tomography workflow. Compared to ray-based imaging methods of PRFs (e.g., weighted CCP stacking
(Lekic et al., 2011) and Kirchhoff migration (Hansen & Schmandt, 2017)), finite frequency kernels provide a
wider sensitivity region and simultaneously consider the effects of single and multiple scattered phases (de Jong
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et al., 2022). These kernels, sensitive to velocities and density, provide an accurate account of complex wave
propagation effects in heterogeneous media. Therefore, finite-frequency based inversion of PRFs can provide
better resolving ability in laterally heterogeneous structures than 1-D inversion based on a layered model.

Teleseismic full-waveform inversion (FWI) also uses finite-frequency misfit kernels to invert for velocity and
density models with a nonlinear iterative algorithm (Monteiller et al., 2015; K. Wang et al., 2021a). This method
has been applied to continental subduction zones to constrain lateral heterogeneities (Beller et al., 2018; K.
Wang et al., 2021b; Y. Wang et al., 2016). However, teleseismic FWI needs high-quality coherent P coda waves
on vertical and radial components, which are rare in real data due to complex source spectral contents (Beller
et al., 2018), especially for high frequency data. Thus, previous studies only selected ~10 teleseismic events
and used a maximum frequency of ~0.2 Hz, resulting in limited model resolution. In contrast, PRFs remove
source signature by deconvolution and analyze high frequency data with a higher maximum frequency. Further-
more, it is possible to stack PRFs with similar back-azimuths and ray-parameters to improve the signal-to-noise
ratio of the data. Thus, the inversion of PRFs utilizing a finite-frequency approach has a potential to generate
higher-resolution subsurface images than the teleseismic FWI.

This study develops an inversion scheme called receiver function adjoint tomography (RFAT) for dense seis-
mic array imaging. Within the framework of 3-D adjoint tomography, we utilize the spectral-element and
frequency-wavenumber (SEM-FK) methods (Tong et al., 2014a, 2014b) to simulate teleseismic waveforms in a
3-D local domain and compute misfit kernels of the PRFs with the adjoint method. We apply this new method
to perform dense seismic array imaging in Southeastern Tibet, revealing the lateral heterogeneities of velocity
structures in the crust and uppermost mantle, which are not imaged by previous traditional inversion of PRFs.

2. Methodology
2.1. Adjoint Method for PRFs

In the process of PRF inversion, the objective function y is defined as the waveform misfit between N sets of
synthetic PRFs (RF%") generated by modeling the data in a parameterized velocity and density model m, and the
observed PRFs (RF°%), written as

N T
7= % Z / W (t)w: [RF;" (x,, m, 1) — RF:?‘“(x,,r)]zdt ()
i=1 70

where x, represents the position of the receiver, W (t) is the time window function, w; is the weight of the ith set
of data. The perturbation of the misfit dy can be expressed by:

oy = /(Kpélnp + Ky 6lna + K;6Inf)d>x 2)
where K , K, and K; are sensitivity kernels with respect to model parameters of density (p), Vp (a), and Vs (8)
(Q. Liu & Tromp, 2006; Tromp et al., 2005). These sensitivity kernels are used to update the model parameters
using an optimization algorithm, such as the Limited-memory Broyden—Fletcher—Goldfarb—Shanno (L-BFGS)
method (D. C. Liu & Nocedal, 1989). The sensitivity kernels can be computed via the adjoint method, which
involves the interaction between the forward and adjoint wavefields. To obtain the adjoint wavefield, an adjoint
simulation is performed by putting time-reversed adjoint sources at receiver positions (Tromp et al., 2005). In
general, an adjoint source is defined as the derivative of the misfit function with respect to the synthetic waveform

(Fichtner et al., 2006; Tromp et al., 2005). For the inversion of PRFs, the adjoint sources in the frequency domain
Fi= (F ;, F ;) can be derived based on Parseval's theorem (de Jong et al., 2022)

Aﬁ(x,, m,w)

F! X, w) =
R @) oy (xr, m, )

6(x — x;)

ARF(x,, m, )iy (x,, m, )

% (x,,m, w)

Fi(x,0) = - 6(x — x) (©)

where ARF represents the difference between the synthetic and observed PRFs in the frequency domain, iz and
i1z are the radial and vertical components of the synthetic displacement in the frequency domain, respectively.
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The superscript * represents the conjugate operator. Alternatively, with a time window W (¢) applied, the adjoint
sources in the time domain are given by

i, )= WOIARF(x,,m,1) @ uz(x,,m,T —1)]6(x — x,)
i t) = -WOIARF(x,,m, 1) @ ur(x,,m,T — 1) @ (uz @ uz)(x,,m,T — )]5(x — x;) “)

where T represents the time length of W (r), the symbols @ and @ represent convolution and deconvolution
operators, respectively. In this study, we adopt the time-domain iterative deconvolution method (Ligorria &
Ammon, 1999) to calculate the time-domain adjoint sources.

2.2. Inversion Workflow of RFAT

We adopt a general workflow of adjoint tomography for RFAT. During each iteration of the workflow: (a)
Synthetic teleseismic waveforms are simulated using the SEM-FK hybrid method (Tong et al., 2014a, 2014b).
(b) Synthetic PRFs are calculated using the same filtering parameters and deconvolution method as the observed
PRFs. (c) Adjoint wavefields are computed by solving a time-reversal wave equation with summing adjoint
sources from different frequency bands, which allows us to obtain the event sensitivity kernels. Note that an
event sensitivity kernel is computed using data from one virtual event to all stations that receive data from the
same source region. The event kernels are scaled by multiplying the depth to suppress large sensitivities near
receivers. (d) The rescaled event kernels are summed with a geographical weighting technique to balance spatial
biases arising from the uneven event distribution (Ruan et al., 2019). The summed kernels are subsequently
smoothed with a Gaussian function to obtain the final misfit gradient (K. Wang et al., 2021a; H. Zhu et al., 2015).
(e) The model perturbation is computed using the L-BFGS method based on the misfit gradient (D. C. Liu &
Nocedal, 1989), where the optimal step length is determined using a linear search method (H. Zhu et al., 2015).

3. Application to a Seismic Array in the SE Tibet

The Ailaoshan-Red River shear zone (ARSZ) is located in the southeastern Tibet between the Yangtze Craton and
the Indochina block, and is bounded by the Red River Fault (RRF) and the Ailaoshan Fault (Figure 1a). Our previ-
ous study shows distinctly different characteristics of PRFs at different back-azimuths near the RRF, indicating
either single or multiple scattering due to strong lateral variations of velocities (M. Xu et al., 2022). These PRFs
also cannot be accurately predicted by the 1-D joint inversion of PRFs and SWD curves (hereafter called 1-D joint
inversion for brevity) (M. Xu et al., 2022). Therefore, a new 3-D tomographic technique for PRFs is essential for
imaging lateral heterogeneities throughout the ARSZ, considering all potential scattering effects.

3.1. Data Processing and Model Construction

We collected waveforms of 876 teleseismic events with an epicentral distance of 30°-90° recorded by 40 stations
across the ARSZ (Figures 1a and 1b). Teleseismic waveforms were filtered in a frequency band of 0.05-1.0 Hz,
which surpasses the maximum frequency of ~0.2 Hz in previous applications of teleseismic FWI (Beller
et al., 2018; K. Wang et al., 2021b; Y. Wang et al., 2016). Utilizing a previous workflow (M. Xu et al., 2020), we
calculated a total of 7110 PRFs with a Gaussian factor of 1.0 and 8341 PRFs with a Gaussian factor of 1.5, follow-
ing a manual quality control process. The two Gaussian factors correspond to cut-off frequencies of ~0.48 and
~0.72 Hz, respectively. In the objective function, based on the normalization of the Gaussian filter amplitudes,
PRFs in these two frequency bands are assigned equal weights. To suppress noise and reduce computation, the
agglomerative clustering method (Murtagh & Legendre, 2014) was used to group the teleseismic events into 31
clusters based on their similar back-azimuths and ray-parameters (Figure 1c). Similar waveforms are classified
into the same cluster (Figure S1 in Supporting Information S1). Having excluded clusters with less than 15 PRFs,
we retained 25 clusters as virtual events. Subsequently, we stacked the PRFs from the same cluster for adjoint
tomography (Figure 1d). The objective function is measured in a time window spanning from 5 s before to 25 s
after the first P arrival. This time window encompasses potential Ps phases generated by scattering in both the
crust and uppermost mantle, as well as potential multiple phases generated by scattering in the crust. We then
determined the weight of each virtual event using the geographic weighting method (Ruan et al., 2019).

We adopt the SEM-FK method (Tong, etal., 2014a, 2014b) for forward simulations of synthetic P-coda wavefields.
The simulation domain covers a region from 101.5°E to 105°E, from 22.4°N to 23.6°N, and from the surface to
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Figure 1. (a) Tectonics in the SE Asia. Gray lines denote major tectonic boundaries. The red box shows the study region. (b)
Topographic map of the Ailaoshan-Red River shear zone and adjacent regions. The 24 red triangles denote seismic stations
deployed by Nanjing University (NJU). The 14 blue triangles denote stations deployed by the ChinArray project. The two
brown triangles are stations from China National Seismic Network. Blue lines represent boundary faults. The black box shows
the boundaries of the model. The abbreviations are ALSF: Ailaoshan Fault; ARSZ: Ailaoshan Red River shear zone; RRF:
Red River Fault. (c) Earthquakes with agglomerative clustering. The earthquakes are grouped into 31 clusters indicated by
different colors. (d) Locations of virtual events. Colors denote weights of events.

100 km depth, incorporated with the surface topography (Figure 2a). The domain is constructed on a Cartesian
grid consisting of 96 X 36 X 25 elements, giving a maximum resolving frequency of ~0.7 Hz. This is necessary
because the minimum wavelength should be approximately larger than the size of 4.5 grid points. We obtain the
initial model (MO0O) from a regional 3-D velocity model created using surface wave tomography (Figure S2 in
Supporting Information S1) (Z. Zhang et al., 2020b). The initial plane wavefield of P-wave is computed using
the FK method with specified back-azimuths and take-off angles of each virtual event. To mitigate scattering
when injecting the plane wavefield from the FK domain to the SEM domain, a buffer zone with a width of
25 km is implemented at each lateral boundary of the SEM domain, connecting a two-layer model for numerical
simulation using the FK method with the initial model (Figure 2a). The Stacey absorbing boundary condition
(Stacey, 1988) is applied at the boundaries of the SEM domain. Following the inversion workflow described in
Section 2.2, we implemented the RFAT to obtain optimal Vp, Vs and density models (see Text S1 in Supporting
Information S1 for detailed procedure and parameters).

3.2. Sensitivity Kernels

We selected a virtual event recorded by one station (the magenta triangle in Figure 2a) to demonstrate how sensi-
tivity kernels are computed. The Pms phase is visible at ~4.5 s in the observed PRF, while it is at ~5.0 s in the
synthetic PRF computed in the MOO (Figure 2b). To emphasize the sensitivity of this specific phase, we employed
Equation 4 to determine the radial and vertical components of the adjoint source, which were windowed from
2.5 to 7.5 s after the P arrival (Figure 2c). Figures 2d—2i show sensitivity kernels of the PRF with respect to Vp,
Vs, and density. These kernels resemble the 2-D kernels of teleseismic waveforms (Tong et al., 2014a), ray-based
kernels of PRFs (Hansen & Schmandt, 2017; Millet et al., 2019), and 2-D waveform-derived kernels of PRFs (de
Jong et al., 2022). Both the Vp and Vs kernels highlight the regions of influence on the Pp and PpPp phase. The
Vs kernel also identifies the region of influence on Ps, which is the main phase recorded by the PRFs. Although
the initial model has a Moho depth of ~35 km, the sensitivity range of the Pms phase can extend to ~50 km.
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Figure 2. (a) The computational domain and initial model for the 3-D receiver function adjoint tomography of this study. The white grids denote the mesh used in this
study. White triangles represent seismic stations. Black lines denote the profiles of AA' and BB'. (b) Observed (blue line) and synthetic (red line) receiver functions at a
station (magenta triangle in panels a, d, and e). (c) The radial (blue line) and vertical (red line) components of the adjoint source windowed around the Pms phase. The
narrow time window selected in this specific example is to demonstrate the sensitivity of the Pms wave to Vp, Vs, and density. Cross sections along the profiles AA" and
BB' show the event kernels with respect to Vp (d, e), Vs (f, g), and density (h, i).

This expanded sensitivity range is achieved by the finite-frequency kernel, which surpasses the sensitivity range
provided by the ray-based kernel (Millet et al., 2019). Additionally, the Vs and density kernels indicate the sensi-
tivity of other multiple phases, such as PpPs. Thus, we conclude that the Vs kernel contains more scattered phases
than Vp and density kernels, and thus RFAT has better resolving ability in Vs than in Vp and density.

3.3. Numerical Tests

The effectiveness of RFAT in recovering Vp, Vs, and density models was assessed through a checkerboard test
using the same virtual events and stations as in the real data inversion (see Text S2 in Supporting Information S1).
With the Moho intentionally placed at ~35 km depth as the boundary between the crust and mantle, the test shows
that the perturbations in Vs within the crust and uppermost mantle can be accurately resolved (Figures 3c and 3g).
The Vs model exhibits higher resolution compared to Vp and density models. This is because both single and
multiple scattered phases in the PRFs are sensitive to Vs. Vp anomalies are only well resolved in the crust, and
smearing artifacts are visible along the incidence direction in the uppermost mantle (Figures 3b and 3f). Density
anomalies are well resolved in the upper-mid crust (Figures 3d and 3h), but resolution is poor in the uppermost
mantle. This limitation arises due to the fact that multiple scattered phases have higher sensitivities to density
compared to single scattered phases (Figures 2h and 2i) (Julia, 2007). However, the short time window used in
measuring the misfit function does not include enough multiply scattered phases generated in the uppermost
mantle. To examine the impact of real noise in the PRFs on resolution, we further conducted resolution testing
using discrete spikes and observed PRFs (Text S3 and Figure S9 in Supporting Information S1). Overall, the
anomalies along the profile AA' with a dense array are better recovered than off-line areas with a larger station
spacing, and the perturbations in Vs are more accurately resolved in the crust and uppermost mantle than those
in Vp and density.

4. Tomographic Results and Discussion
4.1. Tomographic Results

The final models for Vp, Vs, and density (M12) were obtained using RFAT with 12 iterations. The reliability of
M12 is demonstrated by the robustness test (Text S4, Figure S11 and S12 in Supporting Information S1). We will
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Figure 3. The 3-D checkerboard test for the receiver function adjoint tomography. The perturbations in Vp, Vs and density of the target model relative to the initial
model are shown in horizontal slices (a) at depths of 10, 30, 50, and 70 km, and in the vertical section (e) along the AA' profile (green line in panel (a)). Panels (b)—
(d) show the recovered perturbations of Vp, Vs and density, respectively. Panels (f)—(h) show the inverted perturbations of Vp, Vs, and density in the vertical section,

respectively.

focus on the Vs model and its features along profile AA’ because of their higher resolution (Figures 4b and 4c).
The Vp and density models are displayed in Figure S7 in Supporting Information S1.

M12 reveals significant low-velocity zones (LVZs) in both the uppermost mantle and lower crust of the Indochina
block, as well as in the lower crust of the ARSZ. Notably, the LVZ extends eastward from the lower crust down
to the uppermost mantle under the boundary fault RRF (green arrow in Figure 4b). A resolution test of the “point
spread function” (Fichtner & Trampert, 2011) is conducted to validate the robustness of this LVZ (Text S3 and
Figure S10 in Supporting Information S1). The anomalies situated at the LVZ can be accurately resolved by real
PRFs without visible smearing artifacts. The Moho discontinuity, determined by the maximum gradient of Vs
between 25 and 45 km, is located at an average depth of ~35 km (Figures 4b and 4c). In comparison to the flat
Moho obtained by the CCP stacking (M. Xu et al., 2022), the Moho extracted from M12 exhibits lateral undula-
tions beneath the ARSZ. Specifically, the Moho in M12 dips eastward under the RRF.

4.2. Comparison With the 1-D Joint Inversion of PRFs and SWDs

We compared the S-wave velocity model generated by RFAT (M12) with that generated by the 1-D joint inver-
sion (M, See Text S5 in Supporting Information S1 for the details) (Figures 4c and 4d). Generally, both M12
and M, ;, demonstrate similar lateral variations of S-wave velocity, highlighting the LVZs in the lower crust of
the Indochina block and ARSZ, as well as high velocities in the uppermost mantle of the ARSZ and Yangtze
craton. However, significant differences emerge near the RRF. M 12 reveals not only LVZs that extend eastward
from the lower crust down to the uppermost mantle beneath the RRF but also an eastward-dipping Moho, which

are absent in M, ;.

To evaluate the reliability and effectiveness of RFAT, we compare the observed PRFs with the synthetic PRFs
computed in both M12 and M. Figures 4e—4g show the observed and synthetic PRFs at station X1.53188,
which is located above the eastward-dipping Moho. The intracrustal and Pms phases of the observed PRFs show
different characteristics in back-azimuth. The RFAT-generated PRFs match better with the observed PRFs in

almost all back-azimuths compared to PRFs generated by the M, (Figure 4e). When windowed from 1 to 8 s,
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Figure 4. (a) Map views of the Vs model at depths of 14, 28, 45, and 65 km. (b) Cross-section of the Vs anomalies relative to MOO along profile AA' (red line in panel
(a)). Panels (c) and (d) demonstrate cross sections of the Vs model along AA' revealed by the receiver function adjoint tomography (RFAT) and the 1-D joint inversion
of P-wave receiver functions (PRFs) and surface wave dispersions, respectively. The respective green and magenta arrows in panels (b) and (c) denote the extending
direction of the low-velocity zone. The dashed lines in panels (b) and (c) denote the Moho. (e) The observed PRFs (black curves), the synthetic PRFs computed in

the model generated by RFAT (red curves), and the synthetic PRFs computed in the final model generated by the 1-D joint inversion (blue dashed curves) at station
X1.53188. The pink area indicates the time window for measuring misfits around the Ps phase between the observed and synthetic PRFs. (f) The corresponding
back-azimuth of each event. (g) The measured misfit for each event.

the misfits involving intracrustal and Pms phases between the observed PRFs and RFAT-generated PRFs are
smaller, and less fluctuating compared to those derived from the M, ;, (Figure 4g). However, a small number
of RFAT-generated RFs do not fit the observed RFs well, possibly due to interference of noise and complex
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scattered phases. RFAT's higher PRF fit indicates reliable eastward-dipping Moho and LVZs beneath the RRF.
The tomographic results also demonstrate that RFAT has improved resolution and accuracy in resolving lateral
heterogeneities compared to the 1-D joint inversion.

4.3. Geodynamic Implications

The ARSZ has a significant history of magmatic activity dating back to the Cenozoic (J. Liu et al., 2020; J.
Zhang et al., 2017). Isotopic geochemical studies suggest that this magmatic activity involves both crustal and
mantle components (J. Liu et al., 2020; L.-L. Xu et al., 2019), indicating the asthenospheric upwelling beneath
the Indochina block. This interpretation is further supported by geophysical observations, such as the LVZs in
the uppermost mantle found by our study and previous results (Han et al., 2022; Nab¢lek et al., 2009; Z. Zhang
et al., 2020b), a thin lithosphere (Pasyanos et al., 2014; M. Xu et al., 2022), and low-resistivity anomalies (Yu
et al., 2020). The RRF was reactivated in the Cenozoic (Tapponnier et al., 1990), making it a potential channel
for the asthenospheric upwelling to the crust (Hou et al., 2022). The LVZs and eastward-dipping Moho under the
RREF, revealed by our study, provide direct evidence for the detailed transport of the hot mantle materials. Under
asthenosphere upwelling conditions, the lower crustal LVZs observed in our S-wave velocity model imply partial
melting, as evidenced by the existence of crustal components in the metamorphic rocks (J. Liu et al., 2020), high
crustal Poisson's ratio (L. Zhang et al., 2020a), and high heat flow (Jiang et al., 2019). Thus, we believe that the
RRF is a channel for asthenospheric upwelling, and the heat inflow along this channel leads to partial melting in
the lower crust, forming a significant amount of magmatic activities.

5. Conclusions

We have developed an inversion framework for adjoint tomography of PRFs (RFAT) that utilizes both single and
multiple scattering phases to invert for Vp, Vs, and density models. RFAT removes the source signature from tele-
seismic waveforms, enabling reliable use of high-frequency PRFs (~1 Hz) for adjoint tomography. As a result,
the RFAT provides higher-resolution images of crustal and uppermost mantle structures with lateral heterogenei-
ties than traditional 1-D joint inversion.

We employed the RFAT to image the crustal and uppermost mantle structure across the ARSZ in southeastern
Tibet. The resulting 3-D S-wave velocity model demonstrates LVZs extending eastward from the lower crust to
the uppermost mantle and an eastward-dipping Moho beneath the RRF. These findings provide direct evidence
that the RRF, as a channel, controls Cenozoic upwelling from the asthenosphere to the crust. The results demon-
strate the effectiveness of RFAT in accurately imaging subsurface structures and providing valuable insights into
geological structures and processes.

Data Availability Statement

The P-wave receiver functions for this study can be downloaded at https://doi.org/10.21979/N9/MBWEPS5. The
initial model for this study can be downloaded from the supplementary file of Z. Zhang et al. (2020b). The
open-source software SPECFEM3D (Komatitsch & Vilotte, 1998) is used for forward and adjoint simulations
of wavefields (https://geodynamics.org/resources/specfem3dcartesian). The full-waveform adjoint tomography
(FWAT) package can be downloaded at K. Wang (2021) (https://doi.org/10.5281/zenodo.4747811).
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