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Abstract we use the improved Parker-Oldenburg's formulas that include a reference depth into the
exponential term and employ the Gauss-fast Fourier transform method to determine Moho depth beneath
the Tibetan Plateau. The synthetic models demonstrate that the improved Parker's formula has high
accuracy with the maximum absolute error less than 0.25 mGal compared to the analytical solution. Two
inversion parameters, that is, the reference depth and the density contrast, are essential for the Moho
estimation based on the gravity field, and they need to be determined in advance to obtain correct results.
Therefore, the Moho estimates derived from existing seismic studies are used to reduce the nonuniqueness of
the gravity inversion and to determine these parameters by searching for the maximum correlation between
the gravity-inverted and seismic-derived Moho depths. Another critical issue is to remove beforehand the
gravity effects of other factors, which affect the observed gravity field besides Moho variations. In addition to
the topography, the gravity effects of the sedimentary layer and crystalline crust are removed based on
existing crustal models, while the upper mantle impact is determined based on the seismic tomography
model. The inversion results show that the Moho structure under the Tibetan plateau is very complex with
the depths varying from about 30-40 km in the surrounding basins (e.g., Ganges basin, Sichuan basin,
and Tarim basin) to 60-80 km within the plateau. This considerable difference up to 40 km on the Moho
depth reveals the substantial uplift and thickening of the crust in the Tibetan Plateau. Furthermore, two
visible “Moho depression belts” are observed within the plateau with the maximum Moho deepening along
the Indus-Tsangpo Suture and along the northern margin of Tibet bounding the Tarim basin with the
relatively shallow Moho in central Tibet between them. The southern “belt” is likely formed in
compressional environment, where the Indian plate underthrusts northward beneath the Tibetan Plateau,
while the northern one could be formed by the southward underthrust of the Asian lithosphere

beneath Tibet.

1. Introduction

The Tibetan Plateau, known as the roof of the Earth, is the result of the collision and postcollisional conver-
gence of the Indian and Eurasian plates since approximately 50 million years ago (e.g., Dewey et al., 1988;
Royden et al., 2008; Yin & Harrison, 2000). It is considered as the “Golden Key” for understanding plate tec-
tonics, continental collisions and continental orogenic formation (Gao et al., 2013; Tapponnier et al., 1982).
Knowledge of the Moho topography is essential for many applications, for example, for analysis of elastic
deformations of the lithosphere (e.g., Audet & Burgmann, 2011; Chen et al., 2013, 2015), geodynamic mod-
eling (e.g., Hatzfeld & Molnar, 2010). A reliable Moho structure is also vital for understanding the deforma-
tion mechanism of the Tibetan Plateau; therefore, these data have been widely used in such studies (e.g., Sun
et al., 2012; Zhang et al., 2012; Zhang et al., 2014).

Seismic methods were extensively used to determine the Moho topography beneath the Tibetan Plateau, pri-
marily including seismic reflection (e.g., Gao et al., 2013; Lu et al., 2009; Zhang & Klemperer, 2005; see
Zhang et al. (2013), for a review), deep seismic sounding profiles (e.g., Teng et al., 2013, 2014; Wang et al.,
2017), receiver function analysis (e.g., Kind et al., 2002; Lou et al., 2009; Singh et al., 2017; Tian et al.,
2014; see Li et al. (2014) for a review), and seismic tomography (e.g., Koulakov et al., 2015; Obrebski
et al., 2012). Recently, some regional models for the China mainland (Li et al., 2014), Asia and adjacent areas
(Stolk et al., 2013), and the global models (e.g., Szwillus et al., 2019) have been compiled by interpolating the
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available seismic data to even grids. These seismic surveys could partially provide valuable data on the crus-
tal structure beneath the Tibetan Plateau and reveal that the Moho depth varies from 35-40 km in India to
70-80 km beneath Tibet and up to 85 km in southern Tibet (e.g., Nabélek et al., 2009), approximately double
of the global average Moho depth in the continents. However, a large part of this region is still not covered by
seismic studies due to the remoteness and extreme climate. Most of these seismic studies only provide Moho
estimations beneath single seismic stations or along the profiles, while significant uncertainties may appear
by interpolation in the regions with no seismic coverage.

These limitations could be partially mitigated by using the global coverage high-resolution satellite gravity
data, particularly in the regions where seismic data are sparse or missed (Chen & Tenzer, 2017). Several stu-
dies have been carried out to estimate the Moho depths in the Tibet area using the gravity data (e.g.,
Bagherbandi, 2012; Braitenberg et al., 2000, 2003; Gomez-Ortiz & Agarwal, 2005; Shin et al., 2007, 2009,
2015; Tenzer, Chen, & Jin, 2015; Xu et al., 2017; Zhang et al., 2015). For example, Braitenberg et al. (2000,
2003) found that the Moho depth under most of Tibet is within 70-75 km, with the maximum Moho depth
~80 km along the margins of the plateau and a shallower depth of ~65 km under the Bangong-Nujiang
suture in central Tibet. Tenzer et al. (2013) showed that the Moho depth is largely between 65 and 75 km
in Tibet, while the maximum Moho depth reaching to ~79 km is found in the Himalayas and northern
Tibet. Shin et al. (2015) found distinct Moho folds in central Tibet, which have been interpreted as the
north-south extrusion resulting from the India-Eurasia convergence. Xu et al. (2017) found a remarkable
Moho offset of approximately 5 km beneath the Yarlung-Zangbo Suture. Although these researches provided
the Moho variations for the whole Tibet area, the estimated Moho depths are noticeably different owing to
the different data, modeling tools employed, and the inherent uniqueness of the gravity inversion.
Furthermore, the difference between the gravity derived Moho depths and seismic determinations is often
very large. The main reason is that the gravity field is affected by all density anomalies in the Earth, while
the inversion is usually performed with respect to the Moho variations only. Therefore, determination of
the Moho depth beneath Tibet is still controversial and further studies are required.

Several methods were developed to obtain Moho depth by using the gravity data, for example, the isostatic
approach solving the Vening Meinesz-Moritz inverse problem (e.g., Bagherbandi, 2012; Sjoberg, 2009, 2013),
the Parker-Oldenburg's method (e.g., Bagherbandi, 2012; Oldenburg, 1974; Shin et al., 2015), and the multi-
scale gravity analysis method (Xu et al., 2017). Among these methods, the Parker-Oldenburg method has
been extensively applied due to its high efficiency (e.g., Block et al., 2009; Gémez-Ortiz & Agarwal, 2005;
Prasanna et al., 2013; Shin et al., 2007, 2009, 2015; van der Meijde et al., 2013; Zhang et al., 2015).
However, the inherent defects of the fast Fourier transform (FFT) algorithm (i.e., aliasing, edge effects,
imposed periodicity, and truncation effect) (Zhao et al., 2018) substantially reduce accuracy of the Parker-
Oldenburg method. Recently, Wu and Tian et al. (2014) introduced a Gauss-FFT technique to improve
the accuracy of the Fourier transform, which has been applied for calculation of the gravity effect of topogra-
phy (Wu, 2016).

Since the Bouguer gravity anomalies represent an integrated response to all density variations, their inver-
sion usually provides poor depth resolution. Therefore, using the pure gravity inversion, it is difficult to
define correct Moho depths since other factors bias the result (e.g., Kaban et al., 2015). To decrease the non-
uniqueness, a joint inversion of gravity with other available geological and geophysical data is usually per-
formed. In particular, seismic data are widely combined with the gravity data to investigate 3-D density
structure of the upper mantle (e.g., Deng et al., 2017; Kaban et al., 2014, 2015; Kaban, El Khrepy, et al.,
2016), and for the Moho depth inversion (e.g., Baranov et al., 2018; O'Donnell & Nyblade, 2014; Szwillus
et al., 2019; Uieda & Barbosa, 2017).

In this study, we adopt a modified version of the Parker-Oldenburg's method to investigate the Moho struc-
ture in the Tibetan Plateau and surrounding areas using a joint analysis of the gravity and seismic data. First,
detailed equations for the improved Parker-Oldenburg’'s method are introduced. Then, efficiency of this
method is demonstrated by synthetic models. Next, the recent satellite-terrestrial gravity (EIGEN-6C4,
Forste et al., 2014), topography (ETOPO1, Amante & Eakins, 2009), and regional/global crustal models
(Laske et al., 2013; Stolk et al., 2013) together with seismic tomography (Schaeffer & Lebedev, 2013) are
jointly analyzed to estimate Moho depths beneath the Tibetan Plateau. We take into account the most signif-
icant effects associated with density heterogeneity of the crust and upper mantle. In the first case, we employ
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available crustal models, for example, giving thickness and density of sedi-
ments as well as density variations within the crystalline crust. The upper
mantle density variations are obtained based on existing tomography mod-
els. Finally, we discuss tectonic implications of the estimated
Moho variations.

2. Methods
2.1. Gravity Forward Modeling for Moho Topography

We use the Cartesian coordinate system (& 7, ¢) for the source body, and
(%, , 2) for the observations. As shown in Figure 1, h(§, ) represents the
Moho topography, and hg is the regional average Moho depth typically
obtained from a priori seismic model. The densities of the upper and lower
layers are assumed as p;(§ 1) and p,(§, 1), respectively. The density anom-
aly due to the Moho undulation is p(§ 1) = p2(& 1) — p1(§ 7). The gravita-
tional potential U(x, y, zo) at the observation plane z, produced by the
Moho topography h relative to the average plane h is given by (Blakely,

p2(éa ’7)

Figure 1. The coordinate system of a synthetic interface and observation  1996)
points. The vertical z axis is taken to be positive upward.
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where G is the universal gravitational constant and R = \/ (x—€)* + (y—1)” + (zo—=¢)* is the distance
between the observation point P(x, y, z,) and the source region (§ , {). X and Y are the boundaries in the
x and y directions, respectively.

The corresponding spectrum expression of the gravitational potential is given by taking 2-D Fourier trans-
form of x and y,

XY h +o0 +o0
Uk kyv20) =Gl | | p@,n){f ] %ei(kx"*"y”dxdy}dfd nd ¢, @

hy —00 —00

where k,, k, are wavenumbers in the x and y directions, respectively.

According to the 2-D Fourier transform of the Green's function 1/R (Bracewell, 1965) and the translation
property of the Fourier transform, equation (2) can be further written as

XY o=lklzo
~ e .
Ok 20) =276 [ plEn)er -4 [ s ®

where k = /ky* + k.

Expanding the exponential terms in square brackets in equation (3) by the Taylor series and taking the ver-
tical derivative, we get a spectrum of the gravity anomalies

- ® k"
Ag(kx, ky, z0) = —2mGe™ % n;%? {[n" (& m)—hg]-p(& )}, @)

where n is the expansion degree of Taylor series. The symbol F denotes Fourier transform. Equation (4) is the
traditional Parker's formula (Parker, 1973). Using this formula may cause inaccurate results because of the
aliasing and imposed periodicity as well as edge effects (Wu & Tian, 2014). Furthermore, the exponential
function in equation (4) may also cause insufficient computational accuracy, especially when the exponen-
tial termlklz, is high (Xia & Sprowl, 1995).

Wu (2016) introduced the Gauss-FFT method (Wu & Tian, 2014) to improve accuracy of the Parker's for-
mula. Instead of the rectangular quadrature, the Gaussian quadrature is used in each integral interval,
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which increases the computational accuracy more than two orders of magnitude compared with the tradi-
tional FFT method (Zhao et al., 2018). The 2-D Gauss-FFT with four nodes is used in this study.

Furthermore, to increase the stability of the exponential term, we shift the exponential terms in equation (3)
to the average depth of the Moho topography (hg) instead of 0 in the traditional Parker's formula equation (4),
which gives

Ag(fex, ky, 20) = —2mGe™ 7 i%%{ (P& m)=hol"0(8,m)}- ©)

2.2. Gravity Inversion for the Moho Topography
According to Oldenburg (1974), we rearrange equation (5), giving

A§e|k|(Zu—ho) e |k‘"‘1
- -5

FAnE D -holpE)} = == B E - F{ (& )l E.1)). ©

when hg and p(§ ) are known, h(§, 1) can be calculated iteratively using equation (6) with three steps: (1) the
most recent determination of h(& 7) is used to evaluate the right-hand side of equation (6); for the first itera-
tion, h(& 1) is commonly set to be 0; the inverse Fourier transform of the left-hand side of equation (6) gives
an updated value of the Moho topography; the iterative procedure is continued until some convergence cri-
terion is met or a maximum iteration number is reached.

To improve convergence and stability of the computation, the recurrence formulas are modified according
(Feng et al., 1986):

A8 ki(zo—ho)
F — . - 7. ° Zo—ho
(&, 1)=hol-p(& )} = —-5 - bleoi) @
where the factor 7 is introduced to correct the effects of the deleted terms in equation (6). It commonly ranges
from 0.8 to 0.95 (Feng et al., 1986).

It is worth noting that the term Age*I@ =) is numerically equivalent to the downward continuation of the
gravity data to the depth (zo — ho). This may lead to unstable results due to the short-wavelength compo-
nents associated with noise multiplied by large exponential factors (Oldenburg, 1974). Therefore, the
straightforward application of the iterative procedure usually results in a divergent solution characterized
by high-frequency oscillations (Oldenburg, 1974). In order to reduce the short wavelength oscillations in
the downward continuation, a low-pass cosine filter B(k) is used in this study (Nagendra et al., 1996;
Shin et al., 2007)

1 k| <WH
B(k) = %{1 + cos {%} } WHZ|k|<SH ®
0 |k|>SH

where WH and SH are given frequencies. The value of WH is about half of SH (O'Donnell & Nyblade, 2014;
Steffen et al., 2011). This filter cuts off all frequencies higher than SH and entirely passes the frequencies
lower than WH, while the frequencies between them are partly passed.

2.3. Joint Analysis of Gravity and Seismic Data

To mitigate the nonuniqueness of the gravity inversion, the seismic-inferred Moho values are used as
prior information to determine the optimized parameters (the reference depth h, and the density con-
trast p) by searching the maximum correlation coefficient between the gravity-inverted results and the
seismic data.

The correlation coefficient y, is calculated following (Lawrence & Lin, 1989)
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- 10X 1Y SN2 .
Y=Yy S =N (Y=Y), j=1, %
N& N& 1)

1N — —
Si2 = ITIZ (Yu-Y1)(Yp-Y3),
i=1

where Y; represents the gravity-estimated Moho depth; Y, represents the seismic-inferred Moho; N denotes
the number of the data.

3. Synthetic Examples

In this section, we perform tests on a synthetic Moho model to examine the accuracy of the improved
Parker's method with the Gauss-FFT technique. An artificial inversion example is carried out, and we test
the effects of the inversion parameters (the reference depth and density contrast).

3.1. Forward Modeling

The synthetic Moho model h(§, 1) is shown in Figure 2a. This model extends horizontally from 0 to 2048 km
and is divided into 256 grid nodes with a constant interval of 8 km in both x and y directions. The reference
Moho depth is set to be i, = 30 km with the density contrast p = 400 kg/m?>. The observation plane is at zo = 0
km with the same discretization as the source.

The gravity anomalies at the z, plane are computed by the spatial forward method, in which the Moho model
is discretized into small prisms, and then the gravity effect of each prism is calculated and superposed (e.g.,
Blakely, 1996; Li & Chouteau, 1998) as shown in Figure 2b. The gravity anomalies computed by the tradi-
tional Parker's formula (equation (4)) and the improved Parker's equation (equation (5)) with the Gauss-
FFT are shown in Figures 2c and 2d, respectively. The differences relative to the theoretical values are shown
in Figures 2e and 2f.

As shown in Figure 2, the main features of the gravity anomalies derived from the traditional Parker’s for-
mula (Figure 2c) are similar to the theoretical solution (Figure 2b), while the maximum absolute errors
are about 13 mGal at the boundaries where the Moho topography changes rapidly (Figure 2e). In contrast,
the gravity anomalies derived from the improved Parker's formula (Figure 2d) are almost the same as the
analytical solution, with the maximum absolute error less than 0.25 mGal (Figure 2f), which implies that
the results obtained from the improved Parker's formula are more precise.

3.2. Synthetic Inversion Test

In the Parker-Oldenburg inversion, the reference depth h, and the density contrast p have significant
impacts on the inversion results (O'Donnell & Nyblade, 2014). In this section, the influence to these para-
meters is tested, and the correlation coefficients are calculated to determine the most appropriate para-
meters. The synthetic forward model in Figure 2a is adopted as the true model and the gravity anomalies in
Figure 2d are considered as the observation data in the inversion. The improved Parker's formula associated
with four nodes Gauss-FFT method is used in the Parker-Oldenburg inversion.

We test the influences of the reference depth h, and the density contrast p, respectively. By changing the
value of hy and keeping p equal to its original value, we obtain the results on the profile AA" as shown in
Figure 3a. Figure 3a demonstrates several Moho profiles for five reference depths. This test demonstrates
the strong nonuniqueness of the gravity inversion, these solutions with different reference depth h, can
equally fit the observation data. The test also shows that the inverted Moho interface has more short-
wavelength undulations as the reference depth increases. Similarly, a range of the density contrast p is tested
for the same (actual) hy as shown in Figure 3b. This test shows that the observation data can be also fitted by
applying different density contrasts. The Moho depth is underestimated when the density contrast is higher
than the actual one and vice versa.
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Figure 2. The synthetic Moho model and its gravity anomalies. (a) The Moho depth of the model; (b) the theoretical gravity anomalies caused by the modeled Moho
observed at zero level; (c) and (d) are the gravity anomalies obtained from the traditional Parker's formula and from the improved one, respectively; (e) and (f) are
their differences from the analytical solution (b). The AA’ in Figure 2a indicates the location of the cross section in Figures 3 and 4, and the points show the locations
where the Moho values are used as a priori information in the correlation analysis in section 3.2.

To reduce the nonuniqueness of the inversion, we use the correlation method described in section 2.3 to
determine the best combination of hy and p. The Moho depths for two locations (black dots in Figure 2a)
are given as prior information to calculate the correlation coefficients y.. A range of the reference depths

ho and density contrasts p are investigated. The distribution of correlation coefficients and the inversion
results along the profile AA’ are shown in Figures 4a and 4b.
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Figure 3. The inverted Moho undulations for the synthetic model in Figure 2a based on different reference depths (a) and density contrasts (b).
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Figure 4. Distribution of the correlation coefficients (a) and the inversion results on the profile AA’ (b) derived by the
parameter combinations of points A, B, and C in (a).

In Figure 4a, the maximum correlation is found to be 0.99 at Point B, where the reference depth and the den-
sity contrast are ho = 30 km, p = 400 kg/m>. The values coincide well with the true model. Points A and C
have relatively high correlations with h, = 25 km, p = 350 kg/m> and h, = 35 km, p = 450 kg/m>, respec-
tively, but the inverted Moho depths are shallower or deeper than the actual model as shown in Figure 4
b. This model test indicates that a priori information (e.g., seismic Moho) can be easily combined to con-
strain the determination of the parameters in the gravity inversion.

4. Moho Structure of the Tibetan Plateau
4.1. Data

The EIGEN-6C4 model (Forste et al., 2014, http://icgem.gfz-potsdam.de/tom_longtime) to degree and order
720 is used to compute the free-air gravity disturbances at the elevation 10 km refer to the GRS80 reference
ellipsoid (Figure 5b). The gravity effects (Figure 5c) of the topography (Figure 5a) derived from ETOPO1
(Amante & Eakins, 2009) are calculated globally (Zhao et al., 2019) with the correction density of 2,670
kg/m>. The Bouguer gravity disturbances (Figure 5d) are obtained by removing the gravity effect of the topo-
graphy from the free-air gravity disturbances.

The Bouguer gravity disturbances mainly reflect the effects of crustal density heterogeneities (sediments and
crystalline crust), variations of the Moho boundary, and upper mantle density variations. The effect of the
deep mantle is characterized by very small changes in the limited area of Tibet with surroundings and is
insignificant for this study (Kaban, Stolk, et al., 2016). Ideally, the gravity effects of the sedimentary layer,
crystalline crust, and upper mantle should be removed from the Bouguer gravity disturbances to refine
the gravity anomalies produced by the Moho topography. In this study, the crust model of Asia (Stolk
et al., 2013) is used to calculate the gravity corrections for the entire Earth after embedding this regional
model in the global crustal model CRUST1.0 (Laske et al., 2013). The gravity effect of the sedimentary layer
(Figure 6a), which is calculated relative to the density 2700 kg/mS, is taken from Kaban, Stolk, et al. (2016).
The effects of the three crystalline crust layers are calculated down to the Moho relative to the average den-
sity in each of them (Tenzer et al., 2009; Tenzer, Chen, Tsoulis, et al., 2015); the total effect is shown in
Figure 6b. The effect of the upper mantle from the Moho down to 325 km (Figure 6c) is computed based
on the global tomography model SL2013sv of Schaeffer and Lebedev (2013). The velocity variations were
converted into density variations using a mineral physics approach as in (Kaban, Stolk, et al., 2016). All these
fields are calculated at the 10 km elevation. The final residual anomalies (Figure 6d) are obtained by remov-
ing all these effects from the Bouguer gravity disturbances (Figure 5d). We note that the lower boundary for
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Figure 5. (a) Topography of the Tibetan Plateau; (b) Free-air gravity disturbances from the EIGEN-6C4 model; (c) gravity effects of the topography; (d) Bouguer

gravity anomalies.

the crustal density correction is the Moho boundary; therefore, any change of the Moho would have an effect
on the crystalline crust correction (Tenzer & Chen, 2019). Therefore, we performed an iterative procedure to
take into account possible changes of the Moho. Based on the Moho results of the first iteration, we re-
estimated the gravity effect of the crystalline crust with the new Moho and calculated new residual gravity
disturbances used in the Moho inversion. The new gravity disturbances are used to obtain the Moho for
the second iteration. The difference with the first iteration is much less (approximately 8 times) than the
difference with the initial model; therefore, convergence can be easily reached. The iterative process is
repeated until the convergence is reached. Further details are described in the supporting information.

4.2. Moho Structure Beneath Tibet

As shown in section 3.2, the reference depth and density contrast strongly influence the amplitude and pat-
tern of the gravity-inverted results. Here, the Moho density contrast is defined as the average density contrast
between the crust and upper mantle. To reduce the nonuniqueness of the gravity inversion, we employ the
initial seismic-determined Moho depths (Stolk et al., 2013) as constraints to obtain an appropriate set of the
reference depth and Moho density contrast in the gravity inversion. The locations of the Moho determina-
tions compiled by Stolk et al. (2013) are shown in Figure 7.

We determine the best values of the parameters by searching for the maximum correlation between the
gravity-inverted results and the seismic-derived Moho. A range of the reference depths between 30 and 60
km and the range of the density contrast 300 kg/m> to 900 kg/m? are analyzed to calculate the correction
coefficients shown in Figure 8a. Figure 8b shows the differences between the inverted Moho depths and seis-
mic determinations (Figure 7). The resulted Moho depths obtained in the inversion are shown in Figures 9a
and 10.

As shown in Figure 8a, the maximum correlation coefficient reaches 0.82 when hy = 48 km and p = 580 kg/
m®. This set of parameters is different from previous studies, for example, 50 km and 480 kg/m in Xu et al.
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Figure 6. Gravity effects of (a) sedimentary layers, (b) crystalline crust layers, and (c) upper mantle down to 325 km (Kaban, Stolk, et al., 2016). (d) The residual
gravity disturbances calculated by removing the effects (Figures 6a-6¢) from the Bouguer gravity disturbances (Figure 5d).

(2017), 48 km and 600 kg/m3 for land while 500 kg/m3 for ocean in Bagherbandi (2012), and 32 km and 368
kg/m? in Shin et al. (2009). The distribution of the seismic determinations of Stolk et al. (2013) used in this
study is very inhomogeneous. The Moho determinations are sparse in the southwestern Tibet and dense in
the eastern part of the study area. The different seismic data coverage may affect the optimal p and h, and
eventually affect the inverted results. We performed two additional experiments using different

40°N 40°N
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30°N 30°N
25°N 25°N
70°E 80°E 90°E 100°E
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30 40 50 60 70 80

Figure 7. The Moho depth of the Tibetan Plateau based on the existing seismic determinations compiled by Stolk et al. (2013). Crosses show location of the original

seismic data.
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Figure 8. (a) Correlation coefficients between the Moho depths from Stolk et al. (2013) and our inversion results. (b) Difference between the Moho depths from
Stolk et al. (2013) and the inverted Moho for the parameters providing the best correlation with the seismic estimates (hy = 48 km and p = 580 kg/m3 marked
by a star in Figure 8a).

constraints using separated data points from the western and eastern half of the whole area in Figure 7 (see
the supporting information). These tests show that the main features of the results constrained by different
data sets are qualitatively similar; however, there exists a difference of the amplitudes (the maximum
difference compared to the inverted Moho depth in Figure 9a is less than 5 km).

Furthermore, the area of the maximum correlation is extended for a broad range of the density contrast. For
example, the correlation 0.8 fits to a range of 500-700 kg/m? in this model (Figure 8a). Two additional tests
using the extreme parameter combinations are carried out for p = 500 kg/m?, hy = 47 km in the first test and
for p = 700 kg/m?>, hy = 48 km in the second test (see the supporting information). As demonstrated by these
tests, the main features of the results remain nearly the same as for the model in Figure 10, but the Moho
variations are relatively larger in amplitude in the first test, or lower in the second one due to the great dif-
ference of the density contrast (200 kg/m?®). The maximum difference of the inverted Moho depths in these
extreme tests is about 7.5 km, which can be interpreted as the sensitivity limit (or uncertainty) of the
correlation-based joint inversion of the gravity and seismic data.

As shown in Figures 7 and 8b, there are 274 seismic-derived Moho values used in the correlation analysis. In
Figure 8b, there are 175 points (~63.8%) with the difference less than 5 km. The locations with gaps larger
than 10 km only occupy ~8.4% (23 points), and the mean square difference between the inverted results
and the Moho depths from Stolk et al. (2013) is 0.91 km. Therefore, the inverted results well correspond
to the seismic estimations of the Moho depth. The maximum difference is about 20.1 km at the location
(39°N, 73°E), located in the western Tibet with low seismic coverage. It should be noted that in areas of
the continental collision, seismic determinations often give controversial results, which may correspond
to different colliding plates and the Moho of the subducting plate would be deeper than of the obducting one
(e.g., Mechie et al., 2011; Mechie & Kind, 2013). Therefore, we should not expect full correspondence of dif-
ferent results. The differences may also stem from (1) the uncertainties of the Asian crustal model (Stolk
et al., 2013) used for the sedimentary and crystalline crust corrections; (2) the relatively low resolution of
the crustal model, which may lead to losing short-wavelength signals; and (3) uncertainties and low resolu-
tion of the seismic tomography model used to calculate the upper mantle gravity anomaly. The conversion
between seismic velocity and density may be biased by several factors, such as composition (Kaban, Stolk,
et al., 2016).

Some major features of the obtained Moho depth variations are different from other published results based
on the gravity data (e.g., Baranov et al., 2018; Braitenberg et al., 2000, 2003; Chen & Tenzer, 2017; Shin et al.,
2015; Tenzer et al., 2013; Xu et al., 2017). For comparison, the interpolated seismic-derived Moho (Stolk et al.,
2013) and four most recent results (Baranov et al., 2018; Chen & Tenzer, 2017; Shin et al., 2015; Xu et al., 2017)
are shown in Figures 9b-9f. Our results (Figure 9a) reveal that the Moho is quite deep in southern Tibet along
the Indus-Tsangpo Suture (ITS) (75-77 km), and relatively deep Moho is also observed in northern and east-
ern Tibet in the Songpan-Ganzi Block (SGB) (65-67 km). The maximum Moho depth ~79 km is found in
Karakorum and in the southern Lhasa block along the ITS. The different Moho topography was also
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Figure 9. Comparison of Moho models derived by (a) our results; (b) Stolk et al. (2013); (c) Xu et al. (2017); (d) Shin et al. (2015); (e) Baranov et al. (2018); and (f)
Chen and Tenzer (2017). Note that there is no data in 70-75°E in Xu et al. (2017).

reported by Shin et al. (2015) and Xu et al. (2017). Their models reveal the deep Moho (72-75 km) in northern
Tibet along the margins with the Tarim basin and the Himalayas with the maximum Moho depth 77 (Xu
et al., 2017) and 79.5 km (Shin et al., 2015) in western Tibet. Baranov et al. (2018) reported that the deep
Moho (65-74 km) occurs under the Lhasa terrane and under Taksha at the Karakoram fault, with the
maximum Moho deepening to ~76 km in the south of the Bangong-Nujiang suture under the Lhasa
terrane. According to the results of Chen and Tenzer (2017), the relatively deep Moho (65-70 km) is
observed beneath western and central Tibet, and the maximum Moho depth ~71 km is found under the ITS.

Noticeable differences also occur in the northwestern and central Tibet, as shown in Figure 9. For example,
in the central Tibet, the visible shallow region is observed in the Lhasa Block and Qiangtang Block crossed
by the Bangong-Nujiang Suture (BNS) in Shin et al. (2015), Xu et al. (2017), and our results, but this feature is
not observed in the results of Chen and Tenzer (2017), Stolk et al. (2013), and Baranov et al. (2018). In the
northwestern Tibet, around the Karakorum, the Moho deepens to 70-80 km in our result, which coincides
with the receiver function results beneath the Pamir (Schneider et al., 2013) and the seismic-derived Moho
model (Stolk et al., 2013), while the Moho is not so deep according to Baranov et al. (2018), Shin et al. (2015),
and Chen and Tenzer (2017). Compared to the seismic-derived Moho model of Stolk et al. (2013), we found
that the pattern of our inverted Moho is much closer to the seismically derived map than of the previous
results obtained from the gravity data (e.g., Baranov et al., 2018; Chen & Tenzer, 2017; Shin et al., 2015;
Xu et al., 2017) as shown in Figure 9.
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Several factors may be responsible for the differences among these gravity-derived Moho models. First of all,
in the studies of Bagherbandi (2012), Shin et al. (2007, 2009, 2015), and Xu et al. (2017), the Bouguer gravity
anomalies were used in the inversion; therefore, these results are biased by the effects of the mass variations
in the sedimentary layer, crystalline crust and upper mantle. Although the gravity effects of the sedimentary
and crystalline crust layers have been removed from the Bouguer gravity anomalies in the studies of Baranov
et al. (2018) and Chen and Tenzer (2017), these studies did not remove the gravity effect of the mass anoma-
lies in the upper mantle, which is significant with the amplitude reaching 300 mGal (Figure 6c). Thus, the
persisting gravitational signal of mantle heterogeneities could introduce large systematic bias into the gravi-
metric Moho determinations (Tenzer, Chen, Tsoulis, et al., 2015). Also, the gravity effect of the crystalline
crust estimated in these studies is based on the model CRUST1.0, which provides extremely low resolution
for these parameters. In this study, the gravity effects of mass anomalies of the sediment layers, the crystalline
crust, and the upper mantle are removed from the Bouguer gravity anomalies, which ideally should guaran-
tee that the resulting gravity anomalies used in the inversion are mainly due to the Moho undulation.
Unfortunately, the available crustal and mantle models also contain large uncertainties. Furthermore, the
available seismic-derived Moho data are applied as constraints in the gravity inversion, which dramatically
reduced the nonuniqueness and provided the more reliable Moho model.

4.3. Results and Discussions

Our results show that the Moho structure beneath the Tibetan Plateau is very complicated (Figure 10). In the
Indian shield and Ganges basin, the Moho is shallow with a depth of 30-45 km. Here, the shallowest Moho is
observed in the northwest and the northeast of the Ganges basin, and south of the Main Frontal Thrust
(MFT). The Moho dips gently from the depths 40-45 km on the Indian plate to about 50 km beneath the
southern Himalayas, which is consistent with previous gravity/seismic studies (Shin et al., 2007, 2009,
2015; Stolk et al., 2013; Teng et al., 2013, 2014; Xu et al., 2017).

Northward, the Moho deepens more rapidly in the northern Himalayas, reaching a depth of >70 km north of
the Indus-Tsangpo Suture (ITS) in the southern Lhasa block. The deeper Moho feature appears as a “Moho
depression belt” in the southern Lhasa block and the northern Himalayas. It is approximately parallel along
the ITS, and extends from 77°E in the west, to 93°E in the east, and reaches up to 75-80 km between 85°E
and 90°E. It also corresponds to the deepest subduction location of the Indian plate beneath southern
Tibet as revealed by seismic studies (e.g., Nabélek et al., 2009; Shi et al., 2016).

In central Tibet, the Moho becomes relatively shallow under the northern LSB and southern Qiangtang
block (QTB) (55-60 km, Figure 10). The minimum depth (~55 km) is observed beneath the Bangong-
Nujiang Suture (BNS) around the longitude of 90°E. The shallower Moho is typical for central Tibet, and
it becomes deeper (65-70 km) in the eastern and western QTB. Further to the north, the Moho in the
SGB is located at a depth of 60-65 km, which is deeper than beneath the QTB, but shallower than in the
“Moho depression belt” beneath the southern LSB. Here we observe another “Moho depression belt” located
beneath the SGB, extending from the West Kunlun Fault (WKLF) in the west, along the northern margin of
Tibet at the boundary with the Tarim basin to the Xianshuihe-Xiaojiang Fault (XSF-XJF) in the east,
although it is not entirely continuous beneath the SGB.

The two visible “Moho depression belts” are marketed by blue dashed lines in Figure 10. They are character-
ized by the increased Moho depths up to 65-75 km, while between them the Moho depth is shallower (about
55-65 km) in central Tibet, forming a basin shape feature. The southern “Moho depression belt” is formed in
a compressional environment, where the Indian plate underthrusts northward beneath the Tibetan Plateau.
This belt-like feature fits well to the results of the seismic experiment INDEPTH) (Zhao et al., 2011), and to
the seismological observations along the Lhasa-Golmud transect (Mechie & Kind, 2013). The northern
“Moho depression” is shallower than the southern one, which is also in good agreement with previous seis-
mic profile studies (e.g., Mechie & Kind, 2013; Zhao et al., 2011).

Several mechanisms have been suggested to explain the complicated Moho variations in Tibet. The maxi-
mum Moho depths along the Himalayas and along the northern margin of Tibet at the boundary with the
Tarim basin have been interpreted by the continental subduction (e.g., Kind et al., 2002; Kumar et al.,
2006; Mechie & Kind, 2013;Willett & Beaumont, 1994 ; Zhao et al., 2011). Another model proposes more com-
plex Moho geometry under Tibet with the maximum under the Lhasa domain, which could be explained by
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Figure 10. The inverted Moho topography after the joint inversion with the seismic-estimated Moho depth. Abbreviations
are as follows: MFT, Main Frontal Thrust; ITS, Indus-Tsangpo Suture; LSB, Lhasa Block; BNS, Bangong-Nujiang Suture;
EHS, Eastern Himalaya Syntaxis; EKLF, East Kunlun Fault; QTB, Qiangtang Block; SGB, Songpan-Ganzi Block; LMSF,
Longmenshan Fault; NCB, North China Block; XSF-XJF, Xianshuihe-Xiaojiang Fault; SCB, South China Block; WKLF,
West Kunlun Fault. Two blue dashed lines represent two main “Moho depression belts.”

interaction of several tectonic blocks that are broken and tilted (e.g., Tapponnier et al., 2001). Alternative
models also suggest that the India plate subsides far north under central (and even northern) Tibet (e.g.,
Tilmann et al., 2003; Zhao et al., 2011). Moreover, the extrusion or escape mechanism (e.g., Tapponnier
etal., 2001) and the lower crustal flow (e.g., Royden et al., 1997, 2008) were also suggested to explain the com-
plex Moho structure in eastern Tibet.

We also interpret the deep “Moho depression belt” along the ITS as a result of the underthrusting of the
Indian lithosphere beneath Tibet, which is supported by the Hi-CLIMB experiment (Nabélek et al., 2009),
which shows that the Moho is dipping gently from a depth of 40 km beneath the Ganges Basin within the
Indian Plate to 50 km beneath the Himalayas, and the lower part of the Indian lithosphere northward under-
plates Tibet up to 31°N reaching a depth of 70 km north of the ITS, which is in a good agreement with the
deep “Moho depression belt” near the ITS according to our model. Due to the continuous convergence of the
Indian plate, the bottom of the crust beneath the southern Tibet (south of the ITS) is dipping to the north,
whereas that one beneath the Lhasa block (north of ITS) is dipping to the south, forming the deep “Moho
depression belt” along the ITS.

On the other hand, the relatively deep “Moho depression belt” beneath the northern Tibet can be
explained by the reverse subduction of the rigid Asian lithosphere (Willett & Beaumont, 1994; Zhao
et al., 2011). The recent seismic experiment INDEPTH IV (e.g., Zhao et al., 2011) has revealed a rela-
tively thin Tibet lithosphere overriding the southward subducting Asian lithosphere beneath northern
Tibet, which could explain the relatively thick Moho in northern Tibet. Besides, the northward motion
of the Indian subcontinent that followed the onset of continental collision with Asia has produced
extensive deformation in the Tibet area (Yin & Harrison, 2000). Owing to the relatively rigid lithosphere
of the Tarim basin in the west, Qaidam basin in the north and Sichuan basin in the east (Chen et al.,
2013, 2015), large deformations have been localized in the relatively weak lithosphere of the Songpan-
Ganzi block (Chen et al., 2015) near the boundaries of the rigid blocks, resulting in the crust thickening
as well as in the northern “Moho depression” in Tibet. Between these two Moho depressions, the rela-
tive shallower Moho depth in the central Tibet may indicate that this region is isostatically compensated
by the lower-velocity (and consequently, by low density) mantle (Kind et al., 2002; Nabélek et al., 2009).

In northern Tibet, the Moho is relatively shallow in the Qaidam Basin across the East Kunlun Fault
(EKLF) with a depth of 55-60 km, while it deepens to 68-70 km in the Qilian Shan. The Moho is
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about 30-50 km in the Tarim Basin. It is also evident that the Moho depth in the eastern Tarim Basin
(32-40 km) is relatively shallower than in the western (40-50 km), which also coincides with the
seismic-derived Moho map (Stolk et al., 2013). In the east of Tibet, the Moho depth is quite shallow
and located at a depth of 35-40 km in the Sichuan Basin. These results are a good agreement with
previous Moho results (Chen & Tenzer, 2017; Shin et al., 2015; Stolk et al., 2013; Xu et al., 2017).
Furthermore, the extremely deep Moho (70-80 km) is observed beneath the Karakoram fault region,
which might be related to the deep subduction of the continental lithosphere beneath the Pamir
(Burtman & Molnar, 1993; Schneider et al., 2013).

5. Conclusions

In this work, we applied the improved Parker-Oldenburg method combined with the seismic determina-
tions to investigate the Moho structure beneath the Tibetan Plateau. The Gauss-FFT method was
adopted to improve the traditional Parker's formula. The synthetic forward model shows that the accu-
racy of the modified formula is principally improved. This method was then applied in the inversion for
determination of the Moho depths based on gravity data. To reduce nonuniqueness of the gravity inver-
sion, we used a priori seismic information to determine the best inversion parameters (the reference
depth and density contrast) by searching for the maximum correlation between the gravity-inverted
results and seismic data.

Comparing to previous studies employing the gravity inversion, the effect of the upper mantle has been
computed based on the seismic tomography model and removed from the observed fields. We have also
calculated and removed the effects of sediments and crystalline crust based on available crustal models.
As a result, the inverted Moho depths are much close to the seismic-based models than those obtained in
previous studies based on the gravity inversion.

The inversion results show that the Moho structure under the Tibetan Plateau is very complex with the
depths varying from 30-40 km in the surrounding basins to 60-80 km in the plateau. Two distinct “Moho
depression belts” are found in the Lhasa and Qiangtang terranes, which are also in good agreement with
seismic studies. The southern “Moho depression belt” might be formed as a result of the northward
underthrusting of the Indian plate beneath the Tibetan Plateau, while the northern one is interpreted as
the subduction of the Asian lithosphere.

Some factors possibly affecting the inverted results may be improved in the future. The seismic-Moho
determinations compiled by Stolk et al. (2013), which are used in this study, are very inhomogeneous: sparse
in southwestern Tibet and dense in the eastern part. Therefore, the correlation in the area with higher data
density strongly influences the inverted results in other areas, which might bias the inversion. Future
seismic determinations in western Tibet would provide more reliable constraint to the gravity inversion.
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