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Abstract

:

It is significant to determine the refined Moho topography for understanding the tectonic structure of the crust and upper mantle. A novel method to invert the Moho topography from the on-orbit gravity gradients is proposed in the present study. The Moho topography of Tibet is estimated by our method, which is verified by previous studies. The research results show that: (1) the deepest Moho of Tibet, approximately 70 km, is located at the western Kunlun area, where it corresponds well to that of previous publications; (2) clear Moho folds can be observed from the inverted Moho topography, whose direction presents a clockwise pattern and is in good agreement with that of Global Positioning System; (3) compared with the CRUST 1.0, our inverted Moho model has a better spatial resolution and reveals more details for tectonic structure; (4) the poor density model of the crust in Tibet may be the main reason for the differences between the obtained gravity Moho model and seismic Moho model; (5) by comparing our inverted Moho with those from previous publications, our method is correct and effective. This work provides a new method for the study of Moho topography and the interior structure of the Earth.
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1. Introduction


The Moho surface is the boundary of the crust and mantle and plays an important role in understanding the crustal and mantle development and their interaction. The deepest Moho topography of the Earth is located underneath Tibet Plateau as a result of the northward movement of Indian Plate collision to stable Eurasian Plate since the Eocene epoch (approximately 57 million years ago), which attracts the interests of global scientists [1,2,3]. Moreover, Tibet is one of the world’s most active areas, and referred to as the “Golden key” to reveal the tectonic structure and development of the Earth [4,5]. Thus, determination of the Moho topography beneath Tibet still remains a topic of interest.



In the past few decades, the primary methods used in detecting the Moho topography are seismic approach and gravity approach. According to the seismic velocity contrast during the crust and mantle, seismic approach, such as seismic reflection and receiver function analysis, is a powerful tool to determine the Moho topography, which has also made prominent achievements [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. However, the seismic station coverage is poor in rugged areas, for example in central and western Tibet [2,3,22], which renders poor spatial resolution of the inverted Moho topography.



Recently, the gravity approach has been proven a competitive method to invert Moho topography, which is primarily due to the global high precision and homogeneous coverage of gravity data with the implementation of the Gravity Recovery and Climate Experiment (GRACE) [23,24] and the Gravity field and steady-state Ocean Circulation Explorer (GOCE) [25]. In addition, the improvement of the gravity method also is playing an important role. Vening Meinesz (1931) proposed that the Moho depth can be recovered from gravity anomalies by assuming that the Earth’s gravity field is fully compensated by the undulation of Moho [26]. For solving the problem numerically, Parker (1972) [27] presented a method of determining the topography of the interface between two layers with different densities, which was widely applied to estimate the Moho undulations, ranges and folds with the data from GRACE and GOCE, such as [2,28,29]. Subsequently, Moritz (1990) developed Vening Meinesz’s problem in a spherical Earth model [30], named as the Vening Meinesz-Moritz (VMM) problem of isostasy by Sjöberg (2009), in which a solution to this problem was given as well as the discussion regarding to the choice of parameters and their exact physical implication [31]. Sjöberg (2011) used the solution of the VMM problem to estimate the global Moho density contrast with an application of EGM2008 and CRUST 2.0 [32]. Then, Bagherbandi (2012) compared three gravity inversion methods for crustal thickness modeling and applied them in Tibet, giving a conclusion that Sjöberg’s direct solution was better than the Paker-Oldenburg’s algorithm [27,33] and the iterative method developed from the VMM model [34]. Further, Tenzer (2014) solved VMM in spectral domain [35], whose efficiency was improved by Chen (2017) using the Fast Fourier Transform (FFT) technique [36]. Eshagh et al. (2016a, 2016b, 2017) [37,38,39] showed an approach to Moho modeling from the vertical gravity gradients (Γzz) of the on-orbit GOCE data, whose precision was better than that inverted by the global gravity field model. The horizontal gravity gradients (Γxx and Γyy) can also provide rich information for Moho topography determination, but no publication has reported it up to now. Besides, using the on-orbit observations directly, rather than gravity field models, has the advantage of avoiding the global average effect during gravity field modeling [40].



Therefore, a novel approach is developed in the present study to invert the Moho topography by combining the three principal gravity gradients (Γxx, Γyy and Γzz) of the on-orbit GOCE observations. To verify the effectiveness of the method, it is employed to estimate the Moho topography of Tibet, whose results are further compared with those from previous research.




2. Methodology


According to the solution of the VMM inverse problem of isostasy, the Moho depth T can be expressed as [37,38]


T=Δρ0T0Δρ−14πGΔρ[−∑n=0∞2n+1n+1(δgnTB+δgnS)+W],



(1)




where Δρ is the Moho density contrast of study area, Δρ0 and T0 are the respective global mean value of Moho density contrasts and Moho depths, G denotes the Newton’s gravitational constant, n represents the degree of spherical harmonics, δgnTB is the influence of topography and bathymetric, δgnS is the influence of sediment layer, and W is a parameter, which can be determined from gravity gradient disturbances.



The relation between W and the vertical gravity gradient disturbance Vrr is [37,38]


r2Vrr=R4π∬σWL(r,ψ)dσ,



(2)




in which r denotes the distance from calculation point to the center of the Earth, R represents the mean radius of the Earth, σ is the unit sphere, dσ is the surface integration element, and the integral kernel L(r,ψ) can be written as


L(r,ψ)=∑n=2∞(n+1)(n+2)(Rr)n+1Pn(cosψ),



(3)




where ψ is the spherical distance between calculation point and integration point, and Pn(cosψ) is Legendre function.



Further, the relations between W and horizontal gravity gradient disturbance Vxx or horizontal gravity gradient disturbance Vyy are expressed as


{r2Vxx(θ,λ)=∬σLxx(θ,λ;θ′,λ′)W(θ′,λ′)dσr2Vyy(θ,λ)=∬σLyy(θ,λ;θ′,λ′)W(θ′,λ′)dσ,



(4)




in which (θ,λ) and (θ′,λ′) are the coordinates of the calculation point and integration point, respectively. The integral kernel Lxx and Lyy read


{Lxx=  R4π∑n=2∞12n+1(Rr)n+1[∑m=0n(n+1)P¯nm(cosθ)−P¯″nm(cosθ)(2n+1)P¯nm(cosθ′)cosm(λ−λ′)]Lyy=  R4π∑n=2∞12n+1(Rr)n+1{∑m=0n[(n+1+m2sin2θ)P¯nm(cosθ)−cotθP¯′nm(cosθ)]P¯nm(cosθ′)cosm(λ−λ′)},



(5)




where P¯nm(cosθ), P¯′nm(cosθ) and P¯″nm(cosθ) are the zeroth-, first- and second-order fully normalized Legendre functions, respectively. The detailed deduction is presented in the Appendix A and Appendix B. It is worth noting that all the spherical harmonics in Equations (3) and (5) should begin with degree 2 because Vxx, Vyy and Vrr represent the disturbance of gravity gradients relative to their normal values caused by reference ellipsoid.



Subsequently, the integral equations, Equations (2) and (4), can be solved based on the least-squares estimation, which can be described as


v=Bx−L where E{vvT}=σ02P−1 and E{v}=0,



(6)




where v denotes the residuals vector, B is the design matrix determined by the integral kernel L, Lxx or Lyy after discretization according to the resolution of the solution of Moho depths, x is the vector formed by unknowns (W), L represents the vector of observations formed by r2Vrr, r2Vxx or r2Vyy, and P is the weight matrix. Normally the number of observations is larger than that of unknowns, so we need an objective function as restriction




min{vTPv}.



(7)





However, in this study the determinant of B is close to zero, which is an ill-conditioned problem. To overcome this problem, the Tikhonov regularization method [41] is applied. Assuming P=I (identity matrix), the Equation (7) turns to be




min{‖Bx−L‖2+α2‖x‖2}.



(8)





Hence, the solution for W is


x^=(BTB+α2I)−1BTL,



(9)




where α2 is the regularization parameter, and it can be estimated by the L-curve method [42]. The solutions of W can be estimated by Equation (9), where the observation vector is formed by any one of three principle components of gravity gradient or their combinations. After that, inserting the obtained W into Equation (1), the T can be determined.




3. Numerical Experiment


3.1. Study Area and Data Processing


The deepest Moho topography in the world is located beneath Tibet Plateau, which is supposed to be born in the collision of the Indian Plate with the Asian Plate about 57 million years ago [43,44,45]. After the long-term tectonic movements, Tibet, the highest plateau of the Earth, consists of several tectonic blocks, the Himalayan (HB), Lhasa Block (LB), Qiangtang Block (QTB), Kunlun Block (KB) and Qaidam Block (QDB), separated by the sutures, the Indus-Yarlung suture (IYS), Bangong-Nujiang suture (BNS), Jinshajiang suture (JRS) and Anyimaqen-Kunlun-Mutztagh suture (AKMS), respectively (see Figure 1). The tectonic structure of this area is surprisingly complicated and the mechanism of uplift of the central and eastern plateau remains in debate. Argand (1924) proposed that the Indian crust underthrusts most of Tibet, resulting in the double crust thickness [46]. Another possible interpretation is the partially molten middle-lower crust exiting beneath the plateau, forming as a flow channel for mass transfer [47], supported by the low shear velocity zone found in the middle-lower crust beneath Tibet [48]. An accurate Moho model may help figure out the contribution of crust duplexing and crust flow to the formation of the plateau. Therefore, we aimed to study the Moho topography in Tibet using our new approach mentioned previously. Additionally. the area we chose is a little larger than the plateau to reduce the boundary effect during the inversion. Figure 1 shows the topography and primary tectonic elements of study area with the latitude ranging from 20°N to 45°N, and longitude from 75°E to 110°E.



Subsequently, three principal components (Γxx, Γyy and Γzz) of GOCE level-2 calibrated gravity gradients in the Local North-Oriented Reference Frame (LNOF) with the name of EGG_TRF_2_ were employed in this paper [50]. The data span was from November 2009 to August 2012, during which the height of the orbit was quite stable at approximately 260 km. The gravity gradient disturbances (Vxx, Vyy and Vrr) were achieved, after the normal values of gravity gradients produced by reference ellipsoid (WGS84) were removed from Γxx, Γyy and Γzz, respectively. Then, Vxx, Vyy and Vrr with various heights were reduced on a sphere of r=6633.4 km using the upward or downward continuation method, and the derivatives of the disturbances versus height were derived from the global gravity field model EIGEN6C4 with the largest degree of 280. Then, the Vxx, Vyy and Vrr on the sphere were gridded at 10′×10′ by Shepard’s method with the power of 2 and the radium of 20′ based on many experiments, and the results are shown in Figure 2.



From Figure 2, the gravity gradient disturbances range from approximately −1.5 E (1E = 10−9 s−2) to 1.2 E. The signals of Vrr are a little stronger than those of Vxx and Vyy. In addition, all the three components are related to the surface topography (Figure 1), and also consistent with the main tectonic blocks. The positive values of Vrr are corresponding to areas with high elevation. The max value locates at the Indian-Asian tectonic boundary in the HB, while the negatives outline the three basins, Sichuan Basin, Qaidam Basin and Tarim Basin. The distribution of Vxx is almost opposite to that of Vrr, where the gravity highs are located at basins and gravity lows agree with the high mountains. Moreover, the spatial pattern of Vxx seems to be less sensitive along the east-west direction, because the tectonic blocks mainly vary along the north-south direction. In contrast, the spatial pattern of Vyy is sensitive along an east-west direction. There is an obvious north-south banded gravity low along the meridian of longitude about 95°. Thus, the spatial patterns of Vxx, Vyy and Vrr primarily reflect the mass distributions in north-south, west-east and vertical directions, respectively. The Moho topography of Tibet will then be inverted using these three gravity gradient disturbances.




3.2. Moho Topography


Based on the Vxx, Vyy and Vrr obtained in the last section, W were inverted using Equation (9) where the α is set as 0.68, 0.70, 0.66, 1.23 for three single component inversions and their joint inversion respectively by the L-curve method. In addition, the results are shown in Figure 3.



In Figure 3, the spatial patterns of W from Vxx, Vyy, Vrr and their joint inversion are quite similar, and also in good agreement with the primary tectonic structures, which demonstrates that our deduction for W is correct and efficient. The three basins are depicted clearly by gravity lows, and the bordering sutures and major faults are nearly located at gravity high-low transfer zones. On the left of 95°E, there are apparent nearly east-west trending folds, while the folds turn to be almost south-north on the right of 95°E. These are consistent with the crustal south-north shortening and material eastward extrusion under the force of India-Eurasia convergence. Certainly, there are also a few small differences (see Figure 3). The jagged pattern can be observed clearly in the HB and Qilian Mountain from Figure 3b, which further indicates that W from Vyy has better resolution along the east-west direction than that from Vxx and Vyy. It also shows that it is necessary to combine different gravity gradient components for determining the Moho topography.



Subsequently, δgnTB was calculated using Earth 2014 [51] with the truncation degree of 180, in which the topography and bathymetric information comes from ETOPO1 and SRTM30_PLUS. δgnS was computed from the global seismic crustal model CRUST 1.0 [52]. Finally, inserting the estimated W, δgnTB and δgnS into Equation (1), the Moho depths T in Tibet were determined from Vxx, Vyy, Vrr and their joint inversion, where Δρ0= 661.9 kg/m3, T0 = 22.9 km, and Δρ = 448.9 kg/m3 according to the CRUST 1.0. The inverted Moho topography is shown in Figure 4.



As illustrated in Figure 4, the spatial patterns of the MX, MY, MZ and MJ are extremely similar. Overall, the Moho depths in the center and western plateau are deeper than 60 km, which agree with those from [53] and [54]. The Moho topography at the boundary of the plateau is severely steep, such as the HB. It deepens from approximately 40 km in the south to 60 km in the north. The average Moho depth of the HB is approximately 50 km, which is consistent with the results given by [55] and [3]. The Moho depths of the three basins, Qaidam Basin, Tarim Basin and Sichuan Basin, are a little shallower, whose mean values are approximately 50, 42 and 40 km, respectively. These results correspond to those provided by [12] and [2]. In addition, obvious Moho folds can be observed from the shades in Figure 4, whose direction presents a clockwise pattern. In central and west Tibet (on the left of 95°E), the direction of Moho folds is nearly east-west, which is orthogonal to the north-south extrusion force from India-Eurasia convergence. However, the deformation direction of the Moho folds in eastern Tibet (on the right of 95°E) turns to be nearly north-south. The reason may be that the low-density materials in the middle and lower crust of central Tibet are flowing eastward [56,57,58]. This clockwise pattern of Moho folds is also consistent with the GPS velocity field of crustal motion relative to a stable Eurasia (see Figure 4c).



Nevertheless, there are also a few small differences among the MX, MY, MZ and MJ. The deepest Moho is approximately 68.2, 71.1, 69.4 and 68.5 km in the MX, MY, MZ and MJ, whose locations are respective at (78.5°E, 34.5°N), (80.5°E, 35.5°N), (78.5°E, 34.5°N) and (79.5°E, 34.5°N) in the western Kunlun area. Their average results are consistent with the result in [33] of 72 km depth and the result in [3] of (79°E, 35°N).



According to above analysis, the inverted Moho topography is in good agreement with those provided by previous publications, and can also fully reveal the tectonic feature of study area, which verifies the correctness and effectiveness of our method. Moreover, the inverted results by the different gravity gradient disturbances are consistent on the whole, which further improves the credibility of our method.



To verify the regional recognition capability of our method, the Moho topography in Tibet derived from the CRUST 1.0 is shown in Figure 5. Additionally, differences between this study and the CRUST 1.0 are presented in Table 1.



Comparing Figure 4 and Figure 5, the spatial patterns of Moho topography between our study and CRUST 1.0 are similar. However, the Moho folds are not apparent in the CRUST 1.0, which indicates that the spatial resolution of our results is better. In Table 1, the MAX from CRUST 1.0 is 74.81 km, which is a little deeper than that of this study. The STD of Moho depths is close to 10 km, denoting violent undulations in this area. The RMS of the differences in Moho depths between CRUST 1.0 and this paper are respectively, 5.61, 5.98, 5.56 and 5.64 km for MX, MY, MZ and MJ, which reasonably correspond to those from [33] and [37]. Besides, the COFF between Moho depths from this study and those from CRUST 1.0 is approximately 0.84, 0.83, 0.85 and 0.84, respectively. According to the comparison, it demonstrates that our method has good large-scale regional recognition capability to invert Moho topography.



To validate the local recognition capability of our method, another model was employed from [59], which provides the discrete crustal thickness in India and Tibet with new constraints using the receiver functions. Crustal thickness is the sum of Moho depth below the sea level and the elevation above the sea level. For comparison, the Moho depths from MJ and the CRUST 1.0 were transferred to crustal thickness by adding the elevations of surface provided by the CRUST 1.0. Figure 6 shows the crustal thickness from Singh et al. (2017) [59], CRUST 1.0 and MJ. The receiver functions are regarded as the most powerful tool for revealing the crustal thickness, and the results from [59] are considered to be the most reliable model. Hence, we compared the MJ and CRUST 1.0 with [59], respectively (see Figure 7). Table 2 lists the statistics of crustal thickness for the three models and their differences.



From Figure 6 and Table 2, the range of crustal thickness provided by Singh et al. (2017) is from 31.60 to 86.82 km, which is larger than that of MJ. The STD of Singh et al. (2017) is also bigger than that from MJ. It demonstrates that the local recognition capability of the seismic method for detecting Moho topography is better than that of the gravity method, if the seismic stations are dense. The reason is that gravity data primarily reflects the superposition of all materials within the Earth interior and its advantage is to investigate large-scale regional lateral mass distribution, rather than that of one point.



As illustrated in Figure 7 and Table 2, the RMS of the differences between CRUST 1.0 and Singh et al. (2017) [59] is 5.34 km and the COFF is 0.89, which indicates that the Moho topography of the CRUST 1.0 in Tibet may need to be improved further using denser data. The RMS and COFF between MJ and Singh et al. (2017) [59] are respectively 5.90 km and 0.87. It shows that the local recognition capability of MJ is approximately the same as that of the CRUST 1.0.



In summary, the regional spatial resolution of the inverted Moho topography from gravity gradient disturbances using our new method is better than that of CRUST 1.0, while the local recognition capability of the two models is almost same. Thus, our models can provide more details about the tectonic structure, such as the Moho folds.





4. Discussion


In the VMM isostasy theory, the density anomalies below the Moho have been ignored, while those of the consolidated crystalline crust should be considered. However, in this study, the density anomalies of the consolidated crystalline crust are ignored as well, whose reason is that the existing crustal density models in Tibet, such as CRUST 1.0, are not accurate due to the sparse seismic station coverage especially in center and western Tibet [2,3,49]. It may affect our results, where higher density (larger than 2.67 g/cm3) results in shallower Moho depths during the inversion, and lower density (less than 2.67 g/cm3) can cause deeper estimated results. Figure 7b is the map of the differences between MJ and that from [59]. The largest negatives appear in India near the north coast of the Bay of Bengal, which may be explained by the high density of the oceanic crust. In addition, the largest positives are located in the YGP, indicating low density in the crust which is supported by previous research [60]. Therefore, the primary reason for the differences between our Moho model from gravity and the seismic Moho model may be the poor crustal density model.



Further, the velocity model of shear wave from [61] was employed to analyze the differences between MJ and that of the CRUST1.0 (see Figure 8). Low shear wave velocity zone can be found in the middle and lower crust beneath Tibet, showing the high temperature [62] and probably partial melting of the rocks existing in this area [48]. As the rocks are heated, their density decreases through thermal expansion [63], which leads to negative gravity anomalies. Thus, the low velocity zone of shear wave should locate at where the Moho in MJ is deeper than that in CRUST1.0, and the high velocity zone should locate at where the Moho in MJ is shallower than that in CRUST1.0.



In Figure 8a, the Moho depths in MJ are remarkably deeper at the west of LB along BNS and KB along JS, beneath Qilian Mountain and in the east of YGP, where the corresponding low velocity zones can be found in Figure 8b. Similarly, the Moho depths are shallower during MJ and the corresponding shear wave velocity is high underneath the three basins (Sichuan Basin, Qaidam Basin, Tarim Basin). However, in center Tibet, the Moho depths in MJ and shear wave velocity are shallower and low respectively, which may be explained as the high velocity of shear wave in the uppermost mantle of this area.



In addition, the differences among W from single gradient disturbances Vxx, Vyy and Vrr are remarkable (see Figure 3), because of their inherent variances of sensitivities to different directions. Thus, in theory the inverted Moho depths from Vxx, Vyy and Vrr should be different. Nevertheless, the obtained Moho topography from them and their joint inversion are very similar (see Figure 4). The main reason may be that the influence of topography/bathymetry on the Moho depths in Equation (1) is much larger than the others. The effect of δgnTB on the Moho depths varies from –6.67 to 35.38 km with the STD of 10.31 km, while the influence caused by W varies from –16.08 to 14.04 km with the STD of 4.18 km. Thus, the differences among W from Vxx, Vyy and Vrr are probably hidden by the δgnTB.




5. Conclusions


Based on the solution of the VMM problem of isostasy, we developed a new approach to recover Moho topography by using the three principle components of gravity gradients derived from GOCE. Four Moho models (MX, MY, MZ and MJ) of Tibet were inverted by our method, whose spatial patterns were extremely similar. The inverted Moho topographies were consistent with those from previous studies and can reflect the primary tectonic feature as well. The deepest Moho depth is approximately 70 km, located at the western Kunlun region. The apparent Moho folds can be detected, the direction of which presents a clockwise pattern. There results verify the correctness of our method.



The comparison between our inverted Moho models and that of CRUST 1.0 was conducted. The COFF and RMS of the differences between these two models were in agreement with those provided by previous studies. Yet, our model can identify the Moho folds and has better spatial resolution. Further, the local recognition capability of our method was verified by comparing our Moho model with that of Singh et al. (2017) [59], which shows that the local recognition between our model and CRUST 1.0 is similar.



Lastly, the possible reasons for the differences between our Moho model from gravity and the seismic Moho model were analyzed. By comparing the Moho depth differences with shear wave velocity, it confirmed that the primary reason is the poor crustal density model in Tibet. Therefore, at present the uncertainty of crustal density structure is an inhibited factor to determine refined Moho topography using gravity data as the implementation of gravity satellite plans, which needs to be improved in the future.
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Appendix A


Both Vxx and gravity disturbance δg can be expanded to spherical harmonics


Vxx=1rVr+1r2Vθθ  =GMr3∑n=0∞(Rr)n∑m=0n[(n+1)P¯nm(cosθ)−P¯″nm(cosθ)](C¯nmcosmλ+S¯nmsinmλ)



(A1)






δg(R,θ,λ)=GMR2∑n=2∞(n+1)∑m=0nP¯nm(cosθ)(C¯nmcosmλ+S¯nmsinmλ)



(A2)




where M is the mass of the Earth, and C¯nm are S¯nm the spherical harmonic coefficients. Comparing Equation (A1) and Equation (A2), the relation between Vxx and δg is




δgnm=(Vxx)nmr(rR)n+2(n+1)P¯nm(cosθ)(n+1)P¯nm(cosθ)−P¯″nm(cosθ)



(A3)





Equation (A3) can be also written as


r(Vxx)nm=(Rr)n+2(n+1)P¯nm(cosθ)−P¯″nm(cosθ)(2n+1)P¯nm(cosθ)Wnm



(A4)




in which wnm=2n+1n+1δgnm. Wnm is the harmonics of W, so it can be expressed as




Wnm=14π∬σP¯nm(cosθ)P¯nm(cosθ′)cosm(λ−λ′)Wdσ



(A5)





Inserting Equation (A5) into Equation (A4), the relation between Vxx and W reads


r2Vxx(θ,λ)=∑n=2∞∑m=0nr(Vxx)nm=R4π∬σ∑n=0∞12n+1(Rr)n+1∑m=0n[(n+1)P¯nm(cosθ)−P¯″nm(cosθ)]P¯nm(cosθ′)cosm(λ−λ′)Wdσ



(A6)




and the integral kernel function is defined as Lxx (see Equation (5)).




Appendix B


Vyy is expanded into spherical harmonics as


Vyy=1rVr+cotθr2Vθ+1r2sin2θVλλ=GMr3∑n=0∞(Rr)n∑m=0n[(n+1+m2sin2θ)P¯nm(cosθ)−cotθP¯′nm(cosθ)](C¯nmcosmλ+S¯nmsinmλ)



(A7)







According to the deduction from Equation (A2) to Equation (A6), the relation between Vyy and W is expressed as


r2Vyy(θ,λ)=∑n=0∞∑m=0nr(Vyy)nm=R4π∬σ∑n=0∞12n+1(Rr)n+1∑m=0n[(n+1+m2sin2θ)P¯nm(cosθ)−cotθP¯′nm(cosθ)]P¯nm(cosθ′)cosm(λ−λ′)Wdσ



(A8)




and the integral kernel function is defined as Lyy (see Equation (5)).
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Figure 1. The topography and primary tectonic elements of study area (modified from [49]). The black dashed lines, black solid lines and white lines are bordering sutures, major faults and national borders, respectively. Key to symbols: HB, Himalayan Block; LB, Lhasa Block; QTB, Qiangtang Block; KB, Kunlun Block; QDB, Qaidam Block; YGP, Yunnan-Guizhou Plateau; MBT, Main Boundary Thrust; IYS, Indus-Yarlung suture; BNS, Bangong-Nujiang suture; JS, Jinshajiang suture; AKMS, Anyimaqen-Kunlun-Mutztagh suture; F1, Jiali Fault; F2, Manyi Yushu Xianshuihe Fault; F3, Kunlun Fault; F4, Haiyuan Fault; F5, Altyn Tagh Fault; F6, Longmenshan Fault. 
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Figure 2. Gravity gradient disturbances in Tibet after reduction and gridding: (a) Vxx, (b) Vyy, (c) Vrr. The directions of coordinate axis x, y and r are north, west and vertical upward, respectively. The major tectonic elements (see Figure 1) are overlain on the map for assistant analysis. 
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Figure 3. Estimated values of the parameter W from (a) Vxx; (b) Vyy; (c) Vrr; (d) joint inversion of Vxx, Vyy and Vrr. The major tectonic elements (see Figure 1) are overlain on the map for assist analysis. 
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Figure 4. (a–d) Inverted Moho depths (MX, MY, MZ and MJ) of Tibet derived from Vxx, Vyy, Vrr and their joint inversion, respectively. Black vectors in (c) are the Global Positioning System (GPS) velocity field of crustal motion relative to the stable Eurasia. The major tectonic elements (see Figure 1) are overlain on the map for assist analysis. The red lines denote the national borders. 
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Figure 5. Moho depths provided by the CRUST 1.0. The major tectonic elements (see Figure 1) are overlain on the map for assist analysis. The red lines are the national borders. 
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Figure 6. Crustal thickness from (a) Singh et al. (2017) [59], (b) CRUST1.0, (c) MJ. 
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Figure 7. (a) Differences of crustal thickness between CRUST1.0 and Singh et al. (2017) [59]; (b) differences of crustal thickness between MJ and Singh et al. (2017) [59]. 
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Figure 8. (a) Moho depth differences between MJ and CRUST 1.0; (b) shear wave velocity at the depth of 30 km. 






Figure 8. (a) Moho depth differences between MJ and CRUST 1.0; (b) shear wave velocity at the depth of 30 km.



[image: Remotesensing 11 01567 g008]







[image: Table]





Table 1. Statistics of Moho depths from various methods and their differences (unit: km), COFF denotes the correlation coefficient (unitless). MAX, MIN, MEAN, STD, and RMS are the maximum, minimum, average, standard deviation and root mean square, respectively. “/” denotes none.
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	Name
	MAX
	MIN
	MEAN
	STD
	RMS
	COFF





	CRUST 1.0
	74.81
	27.00
	47.74
	9.91
	/
	/



	MX
	68.16
	27.07
	48.31
	9.62
	/
	/



	MY
	71.14
	30.19
	49.48
	9.54
	/
	/



	MZ
	69.45
	27.81
	48.89
	9.60
	/
	/



	MJ
	68.51
	26.76
	48.83
	9.71
	/
	/



	MX-CRUST 1.0
	17.63
	−17.12
	0.57
	5.59
	5.61
	0.84



	MY-CRUST 1.0
	20.40
	−15.39
	1.74
	5.72
	5.98
	0.83



	MZ-CRUST 1.0
	18.46
	−15.50
	1.15
	5.44
	5.56
	0.85



	MJ-CRUST 1.0
	19.16
	−15.39
	1.09
	5.54
	5.64
	0.84
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Table 2. Statistics of crustal thickness for the three models and their differences (unit: km).
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	Name
	MAX
	MIN
	MEAN
	STD
	RMS
	COFF (Unitless)





	Singh et al. (2017)
	86.82
	31.60
	60.32
	11.92
	/
	/



	MJ
	71.52
	33.05
	59.89
	11.16
	/
	/



	CRUST 1.0
	75.04
	35.59
	60.01
	11.03
	/
	/



	MJ-Singh et al. (2017)
	20.44
	−21.15
	−0.44
	5.88
	5.90
	0.87



	CRUST 1.0- Singh et al. (2017)
	14.98
	−15.43
	−0.32
	5.33
	5.34
	0.89
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