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Key Points:

+ The 2159-order high-precision gravity field model (SGG-UGM-2) was combined with the CRUST1.0 model to eliminate the influence of
extraneous factors to accurately obtain the high-precision Moho gravity anomaly of the Tibetan Plateau.

« Within the constraints of the diverse seismic profiles, the parameters essential for the Moho inversion — namely, average depth and
interface density difference — were discerned with finesse and precision.

+ The Bott iteration method was ingeniously devised to amplify the iteration efficiency and precision of the Parker-Oldenburg inversion
method and the Moho depth in the Tibetan Plateau was expeditiously and effectively obtained with remarkable precision. The Moho
in this area evinced the distinctive features of two depressions and two uplifts.
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Abstract: The Tibetan Plateau (TP) is the youngest orogenic belt resulting from a continental collision on the Earth. It is a natural
laboratory for studying continental dynamics, such as continental convergence, plate subduction, and plateau uplift. Investigating the
deep structure of the TP has always been a popular issue in geological research. The Moho is the boundary between the crust and the
mantle and therefore plays a crucial role in the Earth’s structure. Parameters such as depth and lateral variation, as well as the fine
structure of the crust-mantle interface, reveal the lithospheric dynamics in the TP. Two methods are generally employed to study the
Moho surface: seismic detection and gravity inversion. Seismic detection has the characteristic of high precision, but it is limited to a few
cross-sectional lines and is quite costly. It is not suitable for and cannot be carried out over a large area of the TP. The Moho depth over a
large area can be obtained through gravity inversion, but this method is affected by the nature of gravity data, and the accuracy of the
inversion method is lower than that of seismic detection. In this work, a high-precision gravity field model was selected. The
Parker-Oldenburg interface inversion method was used, within the constraints of seismic observations, and the Bott iteration method
was introduced to enhance the inversion efficiency. The Moho depth in the TP was obtained with high precision, consistent with the
seismic detection results. The research results showed that the shape of the Moho in the TP is complex and the variation range is large,
reaching 60—80 km. In contrast with the adjacent area, a clear zone of sharp variation appears at the edge of the plateau. In the interior of
the TP, the buried depth of the Moho is characterized by two depressions and two uplifts. To the south of the Yarlung Zangbo River, the
Moho inclines to the north, and to the north, the Moho depresses downward, which was interpreted as the Indian plate subducting to
the north below Tibet. The Moho depression on the north side of the Qiangtang block, reaching 72 km deep, may be a result of the
southward subduction of the lithosphere. The Moho uplift of the Qiangtang block has the same strike as the Bangong—Nujiang suture
zone, which may indicate that the area is compensated by a low-density and low-velocity mantle.
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interface. It is also the dynamic interface of crust-mantle material
exchange and energy exchange. Studying the properties and
depth changes of the Moho plays an essential role in understand-
ing the formation and evolution of the crust and mantle, the
geodynamic process of the Earth’s depth, and the deep structure
of the Earth. The Tibetan Plateau (TP) was formed by the collision
of the Indian and Eurasian plates. It is the largest and newest

1. Introduction

The Moho is the interface between the lower crust and the upper
mantle. It is an important density interface that marks the boundary
between the crust and mantle as well as the gravity compensation

First author: H. Y. He, hehuiyou@apm.ac.cn
Correspondence to: J. Fang, jfang@whigg.ac.cn

Received 21 FEB 2023; Accepted 06 APR 2023.
Accepted article online 13 JUN 2023.
©2023 by Earth and Planetary Physics.

orogenic belt in the world; hence, it offers a natural laboratory for
studying the dynamics of plate subduction and plateau uplift.
Research has shown that the TP is composed of multiple
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microplates with tectonic suture zones between the microplates
and that faults are widely distributed (Figure 1; Teng JW et al.,
1997; Xiong SB and Liu HB, 1997; Wu Y and Gao Y, 2019; Yang WC
etal, 2020; Li L et al., 2021; Duan HR et al., 2022; Tan S et al.,2023).
The Moho depth records the crustal growth and the geodynamic
process experienced by the TP. Through the inversion of the
Moho interface, we can understand the huge, thick crust of the TP
to further study the deep structure and geodynamic process of
the TP (Xiong XS, 2010; Hao TY et al., 2014; He RZ et al., 2014; Hu
WJ et al,, 2014; Shi QB et al., 2018; Chen YF, 2019; Song T et al.,
2020; Zhang GQ et al., 2021; Murodov et al., 2022).

Information on the Moho of the TP can be obtained primarily by
gravity and seismic methods. Compared with anomalies in neigh-
boring regions, the Bouguer gravity anomaly in the TP is small and
negative, reflecting the thick crust and buried depth of the Moho
surface. Following the deployment of the seismic network,
increasing amounts of seismic data showed that the Moho surface
is deeply buried and that the interior of the TP undergoes
complex changes, with drastic changes in the southern margin,
relatively gentle changes in the central part, and a steplike uplift
in the north. The broadband seismic station describes the varia-
tions in Moho characteristics in the TP in detail. The Moho begins
to tilt northward from the Himalayas, resulting in a pronounced
difference on either side of the Yarlung Zangbo suture zone (IYS).
The Moho in the north reaches the maximum depth from the
Jinshajiang suture zone (JRS) to the edge of the Qaidam Basin,
and then the Moho tilts southward (Liu QM et al., 2014). The deep
seismic reflection also provided accurate detection data on the
buried depth of the Moho surface of each block in the TP (Gao R
et al,, 2009; Huang XF et al., 2020; Zhang J et al., 2020). However,
seismic exploration focuses on a section or local area, and it was
challenging to expand it to cover the entire TP for technical and
cost reasons.

Increasingly accurate satellite gravity observation data have
become important for inverting the Moho depth of the TP.
Combining satellite gravity with seismic methods can invert the
global Moho surface structure, reduce the inversion multiplicity,
and improve the inversion accuracy (Shin et al.,, 2009; Dong L et al.,
2020; Zhao GD et al., 2020; Avellaneda-Jiménez et al., 2022; Li JB et
al., 2022). Inversion of the Moho depth from gravity anomalies is
usually done in the spatial domain by linear (Chen WJ and Tenzer,
2017; Chen WJ et al., 2021) or nonlinear (Uieda and Barbosa, 2017)
inversion. However, because of the limited computing speed and
time required, these methods are impractical for large areas or
large volumes of data. The Parker interface inversion method with
gravity data in the wavenumber domain is widely used for its
rapid calculation speed and high efficiency (Bai YL et al., 2014; Xu
C et al,, 2017; Shi QB et al., 2018). The method presented herein
provides a straightforward means of determining the Moho depth
in a given region, though accuracy is heavily reliant upon the
discretization of gravity fields and the selection of interface inver-
sion parameters. The latter is particularly crucial, as the precision
of prior information regarding the average depth and density vari-
ance directly impacts inversion outcomes. To address this, we
focused on refining both aspects of our study. Using high-precision
satellite gravity anomaly data, the residual gravity anomaly of the

Moho was obtained by eliminating the influence of the sedimen-
tary layer and the low-order term of the gravity field via established
crustal and gravity field models. Seismic data was then incorpo-
rated to further constrain the inversion and obtain accurate
parameters. Additionally, to expedite the calculation process and
mitigate storage concerns, we utilized the Bott iteration technique
in conjunction with the Parker—Oldenburg interface inversion
method, resulting in an efficient and highly accurate determination
of the Moho depth within the TP.

2. Gravity Anomaly of the Moho in the TP

The TP investigated in this work was at 75°E—110°E, 25°W—-45°W,
the terrain data were SRTM30_ PLUS, its resolution was 30’ x 30’
(Figure 1), the average altitude was more than 5,000 m, and the
highest peak, Everest, is 8,848 m above sea level and is located in
the Himalayas. Enormous differences are found between the
north and south sides of the Himalayas. On the south side is the
low-lying the Indo-Gangetic plains. Many peaks in the Himalayas
are more than 7,000 m above sea level. Toward the hinterland of
the TP, the altitude declines. Low-lying areas, such as the Tarim
Basin, Ordos Basin, and Sichuan Basin, formed around the plateau.

The Bouguer gravity anomaly data were from the 2159-order high-
precision gravity field model SGG-UGM-2 (Liang W et al., 2020;
Ariff et al., 2021). The model used data from the Gravity Field and
Steady-State Ocean Circulation Explorer (GOCE), the Gravity
Recovery and Climate Experiment (GRACE), satellite altimetry, and
the EGM2008 gravity model to solve the resolution of the 5’ x 5’
Earth gravity field model. The model was validated by using a
global positioning system (GPS) or leveling data from China and
the United States. The accuracy of the SGG-UGM-2 was comparable
to that of the authoritative international gravity field model EIGEN-
6C4. The accuracy in China was significantly better than that of
the EGM2008, and the overall accuracy was better than that of the
GOCE model (Figure 2). The Bouguer gravity anomaly in the TP is
low and negative, which is different from the anomaly characteris-
tics of the surrounding area. This anomaly is extremely low,
mostly below —500 mGal and the lowest value recorded is —675
mGal in the Lhasa block (LSB) and the Qiangtang block (QTB).
Obvious abnormal gradient zones occur along the thrust fault at
the main front of the Indian plate and Eurasian plate (MFT) and IYS.
The Bouguer anomaly of the Qaidam Basin changes gently, while
that of Qilian Mountain increases gradually. Among the areas
surrounding the TP, the Tarim Basin, the Sichuan Basin, the Ordos
Basin, and the Indo—-Gangetic plains exhibit higher Bouguer gravity
anomalies, with the latter showing particularly high values on the
south side of the MFT.

To study the Moho depth, it is necessary to acquire the gravity
anomaly resulting from the Moho undulation. To improve the
precision of field separation in this study, we directly stripped the
gravity response of the sedimentary layer as well as the low-order
term of the gravity field from the Bouguer gravity anomaly of the
TP. This enabled us to obtain the residual gravity anomaly caused
by the Moho. The sedimentary layer data are sourced from
CRUST1.0, the latest global crustal model with a precision of
1° x 1°, which is the global Earth model data from ETOPO1 of the
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Figure 1. Topographic and structural map of the Tibetan Plateau (modified from Bai L et al., 2017; Li W, 2018; Li L et al., 2021). TS, Tianshan; ATF,
Altyn Tagh fault; AKMS, Kunlun suture zone; QTB, Qiangtang block; LSB, Lhasa block; HM, Himalayan block; MFT, thrust fault at the main front of
the Indian plate and Eurasian plate; KF, Kunlun fault; SGB, Songpan-Garzé block; JRS, Jinshajiang suture zone; BNS, Bangong-Nujiang suture
zone; JLF, Jiali fault; 1YS, Yarlung Zangbo suture zone; HYF, Haiyuan fault; LSTB, Longmenshan fault; XXF, Xianshuihe-Xiaojiang fault; XF, Xiaojinhe

fault.
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Figure 2. Bouguer gravity anomaly of the Tibetan Plateau. TS, Tianshan; ATF, Altyn Tagh fault; AKMS, Kunlun suture zone; QTB, Qiangtang block;
LSB, Lhasa block; HM, Himalayan block; MFT, thrust fault at the main front of the Indian plate and Eurasian plate; KF, Kunlun fault; SGB,
Songpan-Garzé block; JRS, Jinshajiang suture zone; BNS, Bangong-Nujiang suture zone; JLF, Jiali fault; 1YS, Yarlung Zangbo suture zone; HYF,
Haiyuan fault; LSTB, Longmenshan fault; XXF, Xianshuihe-Xiaojiang fault; XF, Xiaojinhe fault.

National Oceanic and Atmospheric Administration (Laske et al.,
2013; Jiang YT et al, 2014; Luo F et al,, 2020). The gravitational
response of the sedimentary layer in the TP was calculated by the
wavenumber domain forward formula (Figure 3a). Based on Fang
J and Xu HZ (2002), the order of gravitational potential spherical
harmonic functions of the lower and upper mantle are 2—6 and
7-60, respectively. The gravity field model selected in this work
was SGG-UGM-2 (Liang W et al., 2020). The gravity of the long
wavelength part corresponded to the 2-60-order spherical
harmonic function of the gravity field model (Figure 3b).

The residual gravity anomaly value was determined through field
separation techniques (Figure 4), revealing a complex variation in

the Moho gravity anomaly that exhibits significant amplitude
changes. The gravity anomaly inside the TP is negative, showing a
distinct low-high-low-high-low pattern when moving from
south to north. The anomaly values in the middle and west of the
Songpan-Garzé block (SGB) are low, and the minimum value
reaches approximately —551.1 mGal. The Moho gravity anomaly in
the TP is significantly lower compared to the surrounding area,
creating a noticeable gradient zone. To the south side of the TP,
the anomaly decreases sharply from positive to negative as it tran-
sitions from the Indian block to the Himalayan block, exhibiting
considerable variability that reflects the region's overall anomaly
characterization. Conversely, the Moho gravity anomaly values in
the Tarim and Sichuan Basins are higher.

He HY and Fang J et al.: Gravity inversion of the Tibetan Plateau Moho
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Figure 3. The sedimentary layer and low-order term of the gravity field of the Tibetan Plateau. (a) Gravity response of the sedimentary layer; (b)
low-order term of the gravity field. TS, Tianshan; ATF, Altyn Tagh fault; AKMS, Kunlun suture zone; QTB, Qiangtang block; LSB, Lhasa block; HM,
Himalayan block; MFT, thrust fault at the main front of the Indian plate and Eurasian plate; KF, Kunlun fault; SGB, Songpan-Garzé block; JRS,
Jinshajiang suture zone; BNS, Bangong-Nujiang suture zone; JLF, Jiali fault; IYS, Yarlung Zangbo suture zone; HYF, Haiyuan fault; LSTB,

Longmenshan fault; XXF, Xianshuihe-Xiaojiang fault; XF, Xiaojinhe fault.

3. Moho Depth Inversion

In 1973, Parker introduced a wavenumber domain forward
formula that boasts high precision and rapid speed. Subsequently,
Oldenburg further developed this concept by proposing a
wavenumber domain interface inversion method based on
Parker's formula (Parker, 1973; Oldenburg, 1974):

FIAg (x y)]e"* & ()"
- 2ny X n!

n=2

FLh (& n)]
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where F[ ] is the fast Fourier transform, h(¢, n) is the density
surface, Ag(x y) is a gravity anomaly, z, is the average depth, k is
the wavenumber, p (€, n) is the density, y represents the gravita-
tional constant, and n denotes the Taylor expansion series. Some
scholars have explored methods how to enhance the computa-
tional efficiency and precision of interface inversion. To fully
exploit the high resolution of the spatial domain and the fast
computation of the wavenumber domain, the Bott iteration
method is introduced for inversion by integrating both domains

(Granser, 1987; Chai YF and Hinze, 1988). This rapid and iterative
calculation method, initially proposed by Bott in 1960, is an inver-
sion method for calculating the depth of sedimentary basins
based on the gravity anomaly formula of the material layer. In this
work, an iterative inversion formula based on the initial value of
the interface depth is given (Bott, 1960):

g° (i) - 9 (xi.y; Do, A7)
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where m is the number of iterations, h™(x; y;) represents the value
of (x; y;) for the interface function at the mth iteration, h~" repre-
sents the value of the interface function at the (m - 1)th iteration,
g°(x; y;) is the gravity field observation, Ap is the density differ-
ence, g(x,, ¥ Do, h’”‘1) is the theoretical gravity value of the
(m = 1)th iteration of the interface function ™' forward model-
ing. The iteration process is terminated when the specified
number of iterations is reached or when the fitting difference
between the model response and the measured data meets the
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Figure 4. The Moho gravity anomaly of the Tibetan Plateau. The purple line is the reference profile: Line1 is the Cogén—Sangehu seismic profile,
Line2 is the Zhangmu—Saga—Coqgén profile and Line3 is the Yadong—Golmud geoscience section. TS, Tianshan; ATF, Altyn Tagh fault; AKMS,
Kunlun suture zone; QTB, Qiangtang block; LSB, Lhasa block; HM, Himalayan block; MFT, thrust fault at the main front of the Indian plate and
Eurasian plate; KF, Kunlun fault; SGB, Songpan-Garzé block; JRS, Jinshajiang suture zone; BNS, Bangong-Nujiang suture zone; JLF, Jiali fault; IYS,
Yarlung Zangbo suture zone; HYF, Haiyuan fault; LSTB, Longmenshan fault; XXF, Xianshuihe—Xiaojiang fault; XF, Xiaojinhe fault.

accuracy requirement. Silva et al. (2014) extended the Bott iterative
algorithm to different density models.

In this study, we set a group of interface models for forward
modeling. The calculation range was approximately from —50 to
50 km with an interface fluctuation of 0—4 km and a grid number
of 128 x 128. To compare the forward modeling of the gravity
anomaly of the interface model, we conducted both spatial and
wavenumber domain analyses. Encouragingly, the wavenumber
domain forward modeling took only a mere 29 s, a stark contrast
to the 1,070 s for the spatial domain, resulting in a significant
acceleration of the calculation speed. The Bott iteration formula
was introduced into the inversion calculation of the interface
model to obtain the interface inversion results in the wavenumber
domain. The results of the interface inversion in the wavenumber
domain were compared with those of the theoretical model with
a maximum residual of 0.017 km, a minimum of —0.02 km, and an
average of 0.005 km.

Seismic data have long played a crucial role in exploring the Moho
in the TP. Extensive seismic observations and comprehensive
studies have been conducted in this region (Gao R et al., 2009;
Xiong XS, 2010; Fan J, 2015; Liu Z et al, 2015). The CRUST1.0
Global Crustal Model, released in 2013 with a resolution of 1°x 1°,
is the most detailed global crustal model available (Jiang YT et al.,
2014; Zhu T, 2016; Luo F et al.,, 2020). This model provides an
invaluable reference value for investigating deep structures in the
world. When the inversion of the TP Moho was compared with the
depth of the Moho obtained by seismic exploration and the
results of the Moho in CRUST1.0, the optimal inversion parameters
of interface inversion were obtained by the constraint of seismic
data.

Three seismic profiles were extracted as a reference, namely, the
Cogén—Sangehu Seismic Profile (Line1; Pan YS and Kong XR, 1998;
Teng JW et al, 2002; Zheng D and Yao TD, 2004), the

Zhangmu-Saga—Coqgén (Line2; Teng JW et al, 2002), and the
Yadong—Golmud geoscience section (Line3; Meng LS et al., 1990).
These profiles provided average depths (in kilometers) and
density differences (in grams per cubic centimeter) of 35/0.45, 37/
0.43, 37/0.45, 39/0.43, and 39/0.45, respectively, which were
crucial to our analysis. To determine the Moho depth of the
Tibetan Plateau, we employed the Bott iteration method and
wavenumber domain interface inversion calculation. This
approach allowed us to obtain the depth of the TP Moho with a
calculation grid number of 89 x 131, 5 iterations, and a calculation
time of 1.7 s. The same grid size space-domain calculation
required 2,812 s, and the calculation speed was significantly
improved.

Seismic profile Line1, Cogén—Sangehu (Figure 5a), provides an
artificial seismic profile from Coqén—Dongcuo—Gérzé—Lugu to the
Sangehu in the northern TP. It is used to study the deep crustal
structure and tectonics of the northwestern TP. The two-dimen-
sional crustal velocity distribution obtained by seismic observation
further confirmed the deep structural characteristics of the
Bangong—Nujiang suture zone (BNS). Xiong SB and Liu HB (1997)
previously demonstrated that the Moho depth on the south side
of the BNS is 75—78 km and 65—-68 km on the north side. In this
study, the inversion results of the parameter 37/0.45 group were
in strong agreement with the Moho depth obtained by seismic
data, and the standard deviation of the two residuals was just
2.8 km.

Figure 5b, sourced from the Zhangmu—Saga—Coqgén profile (Line
2), presents data on the velocity, depth, and thickness of the
crustal layer in the area obtained via seismic analysis. Notably, the
crustal thickness gradually increases from south to north, with a
significant dislocation occurring below the Yarlung Zangbo River
(Teng JW et al, 2002). The inversion results of 37/0.45 were in
excellent agreement with seismic data, with a standard deviation

He HY and Fang J et al.: Gravity inversion of the Tibetan Plateau Moho
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Figure 5. Comparison of Moho depths obtained from seismic data and inversion in this study. (a) Line1; (b) Line2; (c) Line3. LSB, Lhasa block; BNS,
Bangong-Nujiang suture zone; QTB, Qiangtang block; MFT, thrust fault at the main front of the Indian plate and Eurasian plate; HM, Himalayan
block; IYS, Yarlung Zangbo suture zone; JRS, Jinshajiang suture zone; SGB, Songpan-Garzé block.

of only 3.5 km.

Figure 5c illustrates the Yadong—Golmud large lithospheric tran-
sect (Line 3) offering valuable insights into geological phenomena
such as deep crust division, terrane boundary delineation, and the
uplift mechanism of the TP. Meng LS et al. (1990) utilized
advanced calculation methods and international processing tech-
nigues, in conjunction with the gravity field response and various
geophysical and geological data, to propose novel findings. The
Moho depth of the Yadong—Golmud survey line is low in the
south but high in the north. The shallowest position is at the start-
ing location of Yadong, measuring only 51.4 km, and gradually
deepening towards the north. The Moho surface of the LSB
exhibits significant variation and reaches a remarkable low of 70
km. Near the IYS, the Moho rises to 60 km, subsequently descend-
ing northward to a depth of 72 km within the LSB. The inversion
results of 37/0.45 were in good agreement with seismic data, with
a standard deviation of only 4.2 km.

In conclusion, the optimal reference average depth was 37 km,
and the average density was 0.45 g/cm?3, as depicted in Figure 6.
The Moho surface of the TP obtained by the interface inversion
was forwarded in the wavenumber domain to obtain its forward
gravity response (Figure 7a). The resulting gravity anomaly was
then compared to the Moho surface gravity anomaly obtained by
field separation (Figure 7c). The residual conformed to the normal
distribution law, with an average value of —12.45 mGal and a stan-

5
_—
4-
Espbrom—m-o-r——
(%]
S 2t
<
‘|.
Linel Line2 Line3
35/045 37/043 37/045 39/043 39/0.45

Inversion depth and density

Figure 6. The standard deviation of Moho residuals of inversion and
seismic or synthetic data. Note: 35/0.45 indicates that the inversion
depth is 35 km and the density is 0.45 g/cm3. RMS, root-mean-square.

dard deviation of 32 mGal. Our results indicated that the Moho
inversion is highly accurate in most areas of the TP’s main body, as
evidenced by the low amplitude and gentle variation in gravity
anomaly residuals. However, the noticeable residuals were found
in the areas surrounding the TP, such as the Himalayan block,
Tarim Basin, and Sichuan Basin, which may be attributed to
parameter selection, such as the density difference and the average
depth, during the wavenumber domain interface inversion. The
Moho retrieved in this work was consistent with those retrieved
by CRUST1.0 (Figure 7b), and the residuals also conform to a
normal distribution law (Figure 7d), with a standard deviation of
5.2 km.
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Figure 7. The Moho depth of the Tibetan Plateau. (a) The Moho by inversion in this study; (b) the Moho in CRUST1.0; (c) residual of the Moho
gravity anomaly obtained by the Moho forward gravity response and field separation; (d) the root-mean-square (RMS) between (a) and (b); (e) the

statistical graph of (c

); (f) the statistical graph of (d). TS, Tianshan; ATF, Altyn Tagh fault; AKMS, Kunlun suture zone; QTB, Qiangtang block; LSB,

Lhasa block; HM, H|malayan block; MFT, thrust fault at the main front of the Indian plate and Eurasian plate; KF, Kunlun fault; SGB, Songpan-Garzé
block; JRS, Jinshajiang suture zone; BNS, Bangong-Nujiang suture zone; JLF, Jiali fault; IYS, Yarlung Zangbo suture zone; HYF, Haiyuan fault; LSTB,

Longmenshan fault; XXF, Xianshuihe-Xiaojiang fault; XF, Xiaojinhe fault.

4. Characteristics of Analysis of the Moho in the TP

The inversion results of the Moho interface in the wavenumber
domain revealed that the shape of the Moho surface in the TP and
its surrounding areas is complex and that the depth changes
significantly. The Moho surface in the interior of the TP is deeply
buried. It exhibits the characteristic of two depressions and two
uplifts with a relatively gentle trend, where the southwest is low
and the northeast is high. It reflects the intense activity in the
deep interior of the crust by the mixing action of the northward
subduction force of the Indian plate and the blocking force of the
hard Alashan block in the north. In contrast, the Moho surface in
the surrounding area rises sharply, forming a dense gradient
change zone on the TP’s edge, particularly as the Moho surface of
the Himalayan block changes more violently. The depth of the
Moho surface in the Indian plate on the south side is 38 km, while
it reaches 74 km in the LSB on the north side, with a range of 37
km. The largest burial depth is in the north of the IYS, with a depth

of 80 km, indicating that the northward subduction of the Indian
plate may have crossed the IYS.

According to the GPS velocity field study, the crustal movement at
the southern margin of the TP exhibits a south-to-north direction,
indicating the subduction of the Indian slab towards the Eurasian
plate at a rate of 14 mm/a (Wang M and Shen ZK, 2020). The
resulting changes to the Moho are significant, particularly on the
south side of the IYS, where the Moho inclines northward in line
with the IYS and north-to-south extrusion of the Indian and
Eurasian plates (Royden et al., 2008). The Moho of the LSB on the
north side of the IYS experiences depression, forming a low-lying
area of the Moho in the TP with a depth of 65-76 km. Seismic
exploration shows that the Indian plate dips northward from 40
km below the Ganga basin to a depth of 50 km below the
Himalayan block and continues to subduct northward below the
LSB to a depth of 70 km near 31°N (Nabélek et al., 2009), which is
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consistent with our inversion results. The Moho surface uplifts on
the south side of the QTB and the north side of the LSB, gracefully
tilting southward in alignment with the BNS. The Moho of the QTB
in the central TP is the shallowest and uplifting, and the crust is
thinning. Tseng et al. (2009) detected by seismic means that the
crust beneath the QTB thinned to 60 km, which also verified our
results. The Moho in the QTB trends nearly east—west trending,
whereas it is northwest trending in the west, which reflects the
northward subduction of the Indian plate and resulting deforma-
tion and uplift of the TP. The hard Tarim Basin to the north forms a
significant barrier, resulting in the formation of the ATF and
severe deformation of the TP's crust. The Moho changes along the
ATF.

In the northwest Tarim Basin, the Moho depth is shallowest at 38
km, gradually rising to 45 km on both sides. The Moho of the SGB
exhibits a west-to-east increase in depth. A rise—fall-rise pattern
characterizes the Moho from the Qaidam Basin to the northeast.
The Moho of the South Qilian terrane has a lower depth of about
66 km than that of the surrounding regions. The Moho of the
Ordos Basin reaches 42 km, effectively blocking the northeastern
margin of the TP. GPS measurements reveal gradual crustal defor-
mation and a decrease in crustal velocity. The Moho surface
displays an apparent gradient zone at the boundary, which uplifts
to the Ordos Basin (Wang M and Shen ZK, 2020). The Moho on
both sides of the Longmenshan fault (LSTB) exhibits a significantly
nearly north—south variation. The east side is the Sichuan Basin,
whose Moho is highest in the middle and lowest at the periphery,
reaching a maximum of 38 km. An obvious variation belt exists
between the Sichuan Basin and the SGB. Along the
Xianshuihe—Xiaojiang fault (XXF), the Moho contour extends
southward. The Moho contour has an apparent gradient zone at
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the TP boundary, consistent with the main fault direction's rotation
and the GPS velocity field’s changing trend (Zheng G et al., 2017).

The results of this study were compared with those of previous
studies (Figure 8 and Table 1). The observed variation in the Moho
depth across the TP exhibits a remarkable consistency. Our results
show a standard deviation of only 3.45 km, which is in close
agreement with the Moho depth estimated by the INDEPTH-III
project (International Deep Profiling of Tibet and the Himalaya;
Tian XB et al., 2005). Moreover, the Moho depth range in the TP
microplates is consistent with previous research results (Table 1).

This analysis provided a clearer understanding of the geodynamic
process of the TP (Figure 9). Multiple data points confirmed the
continuation of the Himalayan movement, which triggered the TP
uplift. Since the Eocene, the TP has undergone a complex uplift
process, characterized by a balance between uplift and erosion,
tectonic uplift and balanced uplift, and the alternation between
slow uplift and rapid uplift (Hou ZQ et al., 2021). The Indian plate
subducted the Eurasian plate from south to north, forming the
main boundary fault on the southern side of the Himalayas, thus
providing direct energy for the uplift of the TP. Simultaneously,
the plateau is subject to the resistance of the Eurasian plate and
the north-south thrust of the Qaidam Basin plate, leading to rapid
deformation and uplift. Subsequently, the continental collision
and intracontinental subduction have successively formed several
thrust-overlapping structures and thickened the crust. The crustal
thickness of the main part of the TP is approximately 70 km deep,
twice that of an ordinary continent. However, the crustal thickness
of the towering Himalayan block is only approximately 50 km,
indicating that the area has not yet reached an equilibrium state
of gravity compensation. The north—south, and northeast-south-
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Figure 8. The Moho depth by the INDEPTH-IIl model. Note: The root-mean-square of seismic and gravity results is 3.35 km.

Table 1. Comparison of Moho inversion results with previous results (in kilometers).2

Deepest position

References Method and depth HM LSB QTB SGB
Braitenberg et al. Gravity Western, 80 45-65 70-80 70-75 60-70
(2000)

Laske et al. (2013) Seismic Western, 74 37-55 55-70 66-71 61-69
Shin et al. (2015) Gravity Western, 82 40-65 62-72 63-72 59-69
Xuan 5B and Jin SG Gravity Central, 75.1 45-70 62-75 63-74 62-69
(2022)

In this article Gravity Western, 80 40-65 65-76 69-72 64-71

aThe gravity data in Braitenberg et al. (2000) is 10" x 10’ using an iterative hybrid spectral—classical inversion method. The Moho from CRUST1.0
is shown in Laske et al. (2013), which is 1° x 1°. The Moho depths in Shin et al. (2015) and Xuan SB and Jin SG (2022) are inverted by gravity,
using the Parker-Oldenburg method with GO_CONS_GCF_2_DIR_R5 (300°) and WGM2012 (which is 0.1° x 0.1°). HM, Himalayan block; LSB,
Lhasa block; QTB, Qiangtang block; SGB, Songpan-Garzé block.
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Figure 9. The topography and Moho of the Tibetan Plateau.

west horizontal stress field still controls the plateau. Since the
collision of the two plates, the northward movement of the Indian
plate has remained continuous, and the trend of plateau uplift
persists. Zheng G et al. (2017) obtained the Earth slip rate of the
main faults in the TP, by inverting the continuous velocity field
and the strain rate field, using 2,576 velocity values measured
between 1991 and 2015. The NNE crustal shortening rate is
approximately 28 mm/a, and the NWW crustal uplift rate is
approximately 25 mm/a. The velocity field reveals several unde-
formed regions, strain concentration regions around major faults,
diffusion strain regions, and plateau expansion in the TP and its
adjacent areas (Xu CJ, 2002).

5. Conclusions

In this work, we determined the Moho in the TP, using high-preci-
sion satellite gravity field data and multiple seismic profile infor-
mation. Using existing crustal and gravity field models, we
obtained the local gravity anomaly caused by the Moho surface
by stripping out the gravity response of the sedimentary layer and
the low-order term of the gravity field caused by the mantle and
below. To minimize the multiplicity of gravity inversion, we incor-
porated three seismic profile information to ascertain the optimal
inversion parameters, executed an interface inversion in the
wavenumber domain, and employed the Bott iteration. Our
results revealed complex variations in the Moho in the TP, in stark
contrast to the surrounding areas. The marginal area exhibits a
dense gradient zone consistent with the direction of the boundary
fault, ranging from 37-45 km to approximately 60—-80 km inside
the TP. At the southern margin of the TP, the Indian plate has
subducted northward, resulting in a northward tilt of the Moho.
The hard Tarim Basin, Alashan terrane, Ordos Basin, and Sichuan
Basin have slowed the crustal movement on the northwestern,
northern, northeastern, and eastern sides (Wang M and Shen ZK,

2020). The Moho tilts to the northeast, south, southwest, and west,
respectively. The thickening of the crust in the TP has deepened
and rotated the Moho, with its direction orthogonal to the
observed deformation rate by the GPS. The Moho surface in the
TP is characterized by two depressions and two uplifts, with
apparent depressions formed on the north side of the LSB and the
QTB. This result may signify the northward subduction of the
Indian plate to the Eurasian plate and the southward subduction
of the Asian lithosphere (Zhao WJ et al., 2011). The uplift of the
Moho surface and the thinning of the crust in the central QTB may
be a balanced compensation for the low-density and low-velocity
mantle (Nab¢lek et al., 2009). The uplift of the Moho in the Qaidam
Basin may be caused by the weak crust of the TP being injected
into the harder Qaidam terrane, indicating the northward devel-
opment of the TP (Karplus et al., 2011).
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