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Abstract

The geoid minima in the Indian Ocean and North Eurasia are separated by the Tibetan Geoid Ridge (TGR), yet the origin

of TGR remains poorly constrained. Spherical harmonic analysis and geoid kernels indicate that the TGR has wavelengths of

degrees 7-10 and is generated by density anomalies of degrees 7-10 in the mantle. By employing numerical geoid modelling

with four different tomography-derived density structures, we determined that abundant high-density anomalies in the mantle

transition zone beneath Tibet are responsible for TGR. Additionally, two previously proposed alternative evolving scenarios

of the India-Tibet collision — Indian lithosphere subduction and Tibetan lithosphere dripping — are evaluated through geoid

calculation. The former suggests abundant high-density structures in the Tibetan transition zone, which can generate a well-

constrained TGR, while the latter does not. Therefore, we regard the Indian lithosphere subduction as a more plausible evolving

scenario.
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Key Points: 14 

 Tibetan Geoid Ridge is mainly contributed by degrees 7 to 10 and it is caused by the mantle 15 

transition zone density structure.  16 

 Geoid calculation supports a high-density structure in the mantle transition zone beneath the 17 

Tibetan Plateau.  18 

 Geoid calculation suggests the Indian slab subduction is more possible than the lithospheric 19 

dripping in the Tibetan Plateau evolution. 20 

  21 
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Abstract 22 

The geoid minima in the Indian Ocean and North Eurasia are separated by the Tibetan Geoid 23 

Ridge (TGR), yet the origin of TGR remains poorly constrained. Spherical harmonic analysis and 24 

geoid kernels indicate that the TGR has wavelengths of degrees 7-10 and is generated by density 25 

anomalies of degrees 7-10 in the mantle. By employing numerical geoid modelling with four 26 

different tomography-derived density structures, we determined that abundant high-density 27 

anomalies in the mantle transition zone beneath Tibet are responsible for TGR. Additionally, two 28 

previously proposed alternative evolving scenarios of the India-Tibet collision — Indian 29 

lithosphere subduction and Tibetan lithosphere dripping — are evaluated through geoid 30 

calculation. The former suggests abundant high-density structures in the Tibetan transition zone, 31 

which can generate a well-constrained TGR, while the latter does not. Therefore, we regard the 32 

Indian lithosphere subduction as a more plausible evolving scenario. 33 

Plain Language Summary 34 

Density anomalies in the Earth’s interior affect the Earth’s gravitational potential field. Satellite 35 

gravity surveys reveal a gravitational potential anomaly in Tibet, referred to as the Tibetan Geoid 36 

Ridge (TGR). We utilize spectrum analysis to determine the size of TGR and its density source, 37 

and three-dimensional (3D) modeling to predict the Tibetan gravitational potential field and 38 

determine the density source of the TGR. In the 3D modelling, we test different density anomaly 39 

distribution models acquired from seismic waves. By evaluating the correlation between the 40 

calculated results of different models and observations, we ascertain that the abundant 41 

high-density materials beneath Tibet, from 410 km to 660 km in depth, can generate the best-fit 42 

TGR and could be the source of the TGR. Additionally, the modeling provides constraints on the 43 
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geological evolution of Tibet. Two alternative Tibetan evolution scenarios have been proposed 44 

previously: one suggests that the Indian lithosphere subducts into the mantle, and the other 45 

suggests that the Tibetan lithosphere drips into the mantle. The former scenario is consistent with 46 

the existence of the abundant high-density structures mentioned before, which can generate TGR 47 

well, but the latter scenario cannot. Therefore, our modeling supports the Indian lithosphere 48 

subduction scenario.  49 

1 Introduction 50 

The global geoid low features a semi-continuous geoid trough stretching longitudinally, 51 

including geoid lows in the Indian Ocean, Antarctica, Siberia, and North America (Spasojevic et 52 

al., 2010). These geoid lows are separated by several relatively higher, ridge-like geoid anomalies 53 

in Tibet, South Indian Ocean, and South America (Figure 1a). These geoid anomalies originate 54 

from the Earth's interior and offer critical insights into the mantle's density distribution. Recently, 55 

the origin of the geoid lows, especially the Indian Ocean Geoid Low (IOGL) has aroused many 56 

discussions (Ghosh et al. 2017, Ghosh & Pal 2022, Nerlich et al. 2016, Pal & Ghosh 2023, 57 

Spasojevic et al. 2010 and Steinberger et al. 2021). However, there has been less research (Pal & 58 

Ghosh, 2023) concerning the origin of the geoid ridges, which separate geoid lows within the 59 

trough. 60 

Among these geoid ridges, the Tibetan Geoid Ridge (TGR) is particularly interesting, for it 61 

not only separates the large Indian Ocean and Siberian geoid minima but also coincides with the 62 

intensive continental collision region (Figure 1a). Although the Tibetan plateau has the highest 63 

topography, it is generally considered an equilibrious plateau (Jiménez‐Munt et al. 2008, 64 

Ravikumar et al. 2020). How the intense continental convergence between Indian sub-continent 65 
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and Asia changes the underlying mantle structure and gravitational potential, and hence alters the 66 

long-wavelength geoid lows is a question.  67 

 68 

Figure 1. a). Observed geoid from Chambat et al. (2010). White area refers to the TGR sample 69 

points. b). The positive contribution to the TGR from different wavelengths. c). Geoid observation 70 

without degrees 7-10. d). Degrees 7-10 components of the geoid observation. e). Calculated geoid 71 
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using tomography model GYPSUM-S. f). Degrees 7-10 components of GYPSUM-S calculated 72 

geoid. g). Geoid kernel calculated from the earth’s 1D viscosity profile shown in h). 73 

 74 

Specifically, we seek the mantle density source of the TGR. We first examine the wavelength 75 

of the observed TGR by spherical harmonic expansion. By doing this, we constrain the 76 

wavelength of the density source responsible for the TGR. Then, we calculate the geoid kernel 77 

associated with an Earth’s representative 1D viscosity profile (Liu & Zhong, 2015). Analyzing the 78 

kernel, we further narrow down the depth range of the density source. Additionally, we employ 79 

instantaneous geoid modelling driven by the tomography-derived density structures. These 80 

structures either suggest a large amount of denser materials or only small-scale dense materials in 81 

the Tibetan transition zone. Comparing the geoid patterns generated by these different density 82 

structures with the observed geoid, we suggest a large-scale dense Tibetan transition zone as a 83 

more likely structure, for it can account for the generation of the TGR. These dense materials in 84 

the Tibetan transition zone are interpreted as subduction remnants. This result prefers the Indian 85 

slab subduction, rather than the Tibetan lithosphere dripping as the evolution scenario of the 86 

India-Tibet convergence. 87 

 88 

2 Methods and Materials 89 

2.1 Spherical Harmonic Wavelength and Geoid Kernel Analysis 90 

    To delimit the size (wavelengths) and depths of mantle density anomalies that contribute 91 

predominantly to the TGR, two steps are employed: (1). Decompose the spherical harmonic 92 

components of the observed regional geoid data, which can determine the TGR's dominant 93 
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wavelengths. (2). Calculate and analyze the geoid kernel, which can connect the prominent geoid 94 

wavelengths of TGR to the corresponding depth ranges and wavelengths of the mantle density. For 95 

the former step, we first select the observed geoid data points in a region that covers the TGR by 96 

the grid of 2°×2° as the sample points (white area in Figure 1a). This region (red circle in Figure 97 

1a) is sandwiched between the IOGL and the Siberian Geoid Low. It spans 300 km along the 98 

Tibetan Plateau near the latitude of 30°N. All of these sample points are above -35 m and 99 

represent the TGR here. Then, we conduct spherical harmonic expansion to the observed geoid 100 

data (Figure 1a). For these sample points: 101 

, 102 

where θ, Φ are colatitude and longitude of the sample point, h is the geoid height of the sample 103 

point, l is the spherical harmonic degree expanded up to degree 20, m is the spherical harmonic 104 

order, alm is the cosine term of the spherical harmonic coefficient while blm is the sine term, and plm 105 

is a normalized associated Legendre polynomial. To analyze the geoid contribution of every 106 

single-degree component to the TGR, we averaged the single-degree geoid value of these sample 107 

points. Because the spatial sampling density depends on the latitude (proportional to sinθ), we 108 

weight every sample point with sinθ when calculating the average. Then, the averaged geoid value 109 

in degree l is:  110 

, 111 

where θi, Φi are the coordinates of the sample point i, N is the number of sample points. Since 112 

TGR is a relatively geoid higher region, we focus on the positive contribution to TGR and neglect 113 

all of the negative contributed degrees. We get the proportion of single-degree positive 114 
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contribution as:  115 

  116 

Comparing Pl of every degree, the dominant wavelengths of the TGR can be determined. 117 

 118 

The dominant geoid wavelengths are controlled by the same wavelengths of density anomaly at 119 

varying depths (Zhong et al., 2008). For each degree, the geoid can be expressed by multiplying 120 

the expansion coefficients of density at each depth, by a depth-dependent geoid kernel (Richards 121 

and Hager, 1984; Ricard et al., 1984). The geoid kernel value can be positive or negative, it 122 

represents a unit of high-density anomaly generates a higher or lower geoid anomaly (Richards 123 

and Hager, 1984). With a radial viscosity structure (like Figure 1h), the geoid kernel also can be 124 

obtained analytically through a propagator matrix method (Hager and O’Connell, 1979, 1981).  125 

 126 

2.2 Numerical Geoid Modeling 127 

After constraining the wavelengths of the TGR’s density origin, we further examine the geoid 128 

contribution of density structures at various depth ranges. We employ seismic tomography models 129 

as the three-dimensional mantle density structure and calculate the global geoid by solving the 130 

Stokes flow numerically. We use the three-dimensional viscous finite element convection code 131 

CitcomS (Zhong et al., 2008) to calculate gravitational potential from mantle flow. Our 132 

calculations are based on the governing equations for mass and momentum conservation, 133 

assuming an incompressible fluid (Liu & Zhong, 2016; Mao & Zhong, 2019, 2021). The model 134 

has 65×65×65 nodes with an average horizontal grid size of 1°×1°. Seismic velocity anomalies 135 
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(see Section 2.3) are converted into density anomalies, which drive the mantle flow. Based on the 136 

previous test of the affection of velocity-density conversion (Ghosh et al., 2010, 2017), we 137 

maintain a constant velocity-density scaling (dlnρ/dlnVS) of 0.25 for the S wave model throughout 138 

the mantle. The geoid is calculated up to degree 20, accounting for the effects of self-gravitation. 139 

Geoid responses of the surface and core-mantle boundary topographies are also considered (Adam 140 

et al., 2014; Hager, 1984). Computed geoid is compared with the observed geoid data from 141 

Chambat et al. (2010), which is referenced to the hydrostatic equilibrate Earth.  142 

 143 

Both radial and lateral viscosity variations are included in the geoid calculation. We follow the 144 

methodology adopted by Ghosh et al. (2010) and Liu & Zhong (2015). The radial and lateral 145 

variations are added by introducing temperature-dependent viscosity with a depth-dependent 146 

viscosity pre-factor. Viscosity varies with temperature and depth as  147 

 148 

η0(r) is depth-dependent viscosity pre-factor. We use a three-layer radial viscosity structure 149 

divided into lithosphere (0–100 km, η0=0.1), upper mantle (100–660 km, η0=0.0333), and lower 150 

mantle (660 km-CMB, η0=3.3333). T0 and T are the non-dimensionalized reference and actual 151 

temperatures and T0 is set as 0.5. E, fixed as 9.2103, is the activation energy and gives an up to 10
3
 152 

viscosity contrast. Thermal expansivity is set as 3×10
-5 

K
-1

 to convert residual temperature to 153 

density anomalies. Temperature is non-dimensionalized by dividing with a scaling of 1300 K. 154 

Horizontal averaged 1D viscosity profile is shown in Figure 1h. Models are calculated with free 155 

slip boundary conditions both at the surface and the core-mantle boundary. 156 

 157 
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2.3 Examining Seismic Tomography Models 158 

We employ four different S-wave seismic tomography models: GYPSUM-S (Simmons et al., 159 

2010a), SEMUCB-WM1 (French & Romanowicz, 2014a), SL2013sv (Schaeffer & Lebedev, 160 

2013a), and EARA2014 (Chen et al., 2015) as mantle density structures in geoid modelling. 161 

Previous studies (Ghosh et al., 2017, 2022) reveal the global, whole-mantle tomography model 162 

GYPSUM-S can generate a global geoid with the highest correlation to the global geoid 163 

observation (correlation coefficient = 0.90, Figure S1), although the Tibetan geoid pattern does not 164 

match the observation well. To optimize the correlation in the Tibetan region, three alternative 165 

models are introduced. The SEMUCB-WM1 model, another global whole-mantle tomography 166 

model, can generate a higher geoid field in the Tibetan region than other global tomography 167 

models (Ghosh et al. 2022, Figure S1). Another two regional models are included: SL2013sv 168 

focuses on the morphology of the subducted slab under the Tethyan region with about 280 km 169 

resolution (van der Meer et al., 2018) and EARA2014 with a fine resolution of 120 km 170 

specifically focuses on the Asian, especially Tibetan lithosphere. These two regional models 171 

support two end-members of India-Tibet convergence evolution. The former suggests a 172 

subduction-induced dense slab structure between 410 and 660 km (van der Meer & van 173 

Hinsbergen, 2018), while the latter suggests a drip-induced dense lithospheric root in the 174 

asthenosphere (Chen et al., 2017). Besides examining the geoid signals from individual 175 

tomography models, we also insert regional tomography structures from SEMUCB-WM1, 176 

SL2013sv, and EARA2014 into the GYPSUM-S model to fit in both the global and TGR geoid 177 

and finally sort out the best regional mantle structures for producing the TGR. This signal analysis 178 

based on mantle structure combinations has been used in previous studies (Ghosh et al., 2010, 179 
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Steinberger et al., 2021). 180 

 181 

3 Results 182 

Firstly, spherical harmonic analysis decomposes the dominant wavelengths of the TGR. As 183 

depicted in Figure 1b, degrees 7 to 10 components contribute substantially to the positive 184 

anomalies in the Tibet region: P7, P8, P9, and P10 each account for over 10% individually and 185 

when combined, they constitute more than 60% in total. Figure 1c presents the observed geoid 186 

with degrees 7 to 10 removed. Compared with the unfiltered geoid (Figure 1a), the geoid values in 187 

the northern India and Tibetan region are notably reduced. Consequently, the TGR is weakened, 188 

and the IOGL even connects with the Siberian Geoid Low (Figure 1c). Figure 1d illustrates the 189 

degrees 7 to 10 components of the observed geoid. This wavelength range gives a significant 190 

uplift (over 20 m) to the geoid in northern India and Tibet. Based on these results, we determine 191 

that the TGR mainly features degrees 7 to 10 wavelengths. 192 

 193 

Then, analyzing the calculated geoid kernel (Figure 1g), we linked the TGR's wavelength with the 194 

depth of its density source. As the geoid kernels show (Figure 1g), the degrees 7 to 10 kernels are 195 

negative in the upper mantle and lithosphere, so negative density anomalies in degrees 7 to 10 196 

enhance the geoid high in the same wavelengths. However, they turn positive at about 410 ~ 440 197 

km (from degree 7 to degree 10). So, below these depths, positive density anomalies enhance the 198 

geoid high in these wavelengths (including the Tibetan geoid high shown in Figure 1d). As they go 199 

deeper, they rise steeply in the transition zone and up to a peak at about 660 km. Then, they 200 

decrease slowly in the lower mantle. 201 
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 202 

To constrain the depth range of the density source of TGR, we calculate the global geoid 203 

numerically by employing the GYPSUM-S tomography model as the mantle density structure. 204 

Figure 1e shows our predicted geoid based on the GYPSUM-S model, which is similar to Ghosh 205 

et al. (2022) (top right panel in Figure S1). Figure 1f shows the degrees 7-10 components of 206 

Figure 1e. To figure out the geoid response of different density depth ranges individually, we 207 

divide the mantle into 150-410 km (upper mantle), 410-660 km (transition zone), and 660-1000 208 

km (lower mantle). Depths below 1000 km are not included, because the degrees 7-10 geoid 209 

kernels are too small to consider. Degree 7-10 density anomalies in these three depth ranges are 210 

further eliminated or remain in geoid calculation. In Figure S2b, d, and f are predicted geoids 211 

without the degree 7-10 density structure in 150-410 km, 410-660 km, and 660-1000 km 212 

respectively, and c, e, and g are geoids derived only by degree 7-10 density anomalies in these 213 

depth ranges. These calculated results indicate the structure in the transition zone (410-660 km, 214 

Figures S2d and e) generates a far more pronounced Tibetan geoid high, compared with other 215 

parts (Figures S2b, c, f, and g). Here, the predominant wavelengths (degrees 7-10) and depth 216 

ranges (410-660 km) that contribute to the TGR are determined. 217 

 218 

However, the location, intensity, and morphology of the density origin of TGR are still 219 

undetermined. We capture them by trying different tomography-derived density structures under 220 

Tibet, which are used as individual inputs to calculate the geoid and evaluate its correlation with 221 

the observed geoid. Although the whole-mantle global tomography model GYPSUM-S predicts 222 

the best global geoid (Figure 1e, Ghosh & Pal, 2022; Comparison in Figure S1), the predicted 223 
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geoid in the TGR region (Figure 1a) is much lower than the observation. Focusing on the specific 224 

wavelengths of Tibetan geoid high (i.e., sum of degrees 7-10), the signal from the GYPSUM-S 225 

prediction (Figure 1f) is fairly obscure than the observation (Figure 1d). To optimize this misfit, 226 

we explore other global tomography models. According to the results from Ghosh et al. (2022), 227 

except for two very low global amplitude models DETOXP2 and DETOXP3 (bottom panels in 228 

Figure S1c), all other models generate geoid values at the TGR region lower than the observation 229 

(Figure S1c). Among all these tomography-derived geoids, the SEMUCB-WM1 shows the highest 230 

geoid in the TGR region (Figure S1b vs. Figure 1f), although the shapes of IOGL and Siberia 231 

geoid low do not fit well (Figure S1a and left middle panel in Figure S1c; Ghosh et al., 2022). To 232 

generate a global geoid which not only fits the observation globally (including IOGL and Siberia) 233 

but also has a higher geoid in the TGR region, we adjust the mantle density structure by replacing 234 

alternative regional tomography models. 235 

 236 

This adjustment is conducted by replacing the GYPSUM-S transition zone density structure in a 237 

local region (red line in Figure 3a, 60°E to 97°E, 20°N to 40°N) with other tomographic models. 238 

The replacing depth and region of the tomographic structures are determined by the location of 239 

degrees 7-10 pattern which dominantly contributes to the Tibetan geoid maximum (Figure 1d). As 240 

we mentioned, the degrees 7-10 Tibetan geoid high is controlled by the density anomalies in the 241 

same wavelengths. Therefore, the selected replacing region (red line in Figure 3a) corresponds to 242 

the location of the degrees 7-10 Tibetan geoid maximum in Figure 1d. To verify that the TGR is 243 

mainly contributed by the degrees 7-10 structure under Tibet, rather than the same wavelength 244 

structure somewhere else, we eliminate the degrees 7-10 structure beneath Tibet, and the geoid 245 
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predicted by non-Tibetan structure cannot reproduce TGR well. Our adjustment is limited in the 246 

transition zone, for it is highly sensitive to the TGR signal.  247 

 248 

Figure 2. Seismic anomalies of GYPSUM-S: a). 462 km, b). 600 km, c). Cross-section. d-e): 462 249 

km, 600 km of SEMUCB-WM1 (within the red line) nested in the GYPSUM-S model (outside of 250 

the red line). f): cross-section of SEMUCB-WM1 model. g-i): same as d-f) but for the EARA2014 251 

model. j-l): same as d-f) but for the SL2013sv model. 252 

 253 
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Since the SEMUCB-WM1 model generates the TGR high the best (Section 2.3, Figure S1), we 254 

first replace the transition zone density within the selected region (Figure 2a-c; Figure 3a) of 255 

GYPSUM-S with the SEMUCB-WM1 (Figure 2d-f) to get a best-fit geoid both in the global 256 

pattern and in the TGR region. This local data replacement makes the IOGL and Siberia geoid low 257 

more isolated (Figure 3c) and enhances the TGR high. To discover which density structure 258 

produces this change, we dig into the replacing structures of these two models (Figure 3b vs. 3c). 259 

SEMUCB-WM1 shows larger and higher wave-speed (or density) anomalies (Figure 2d-f) than 260 

GYPSUM-S (Figure 2a-c) within this region. Therefore, we suggest that the 261 

SEMUCB-WM1-derived high-density anomalies in Tibetan mantle transition zone enhance the 262 

intensity of the TGR. To further confirm this, we employ two regional tomography models: 263 

EARA2014 and SL2013sv, in geoid calculation. With higher resolutions, they are well-interpreted 264 

in the Tibetan region, especially for the India-Tibet convergence. Specifically, EARA2014 265 

suggests a lower wave-speed (light) Tibetan transition zone (Figure 2g-i) while SL2013 suggests 266 

an intense high wave-speed (dense) structure (Figure 2j-l). Consistently, calculation results show 267 

that the denser structure (SL2013; Figure 2l) generates a more salient TGR (Figure 3e) but the 268 

lighter structure (EARA2014; Figure 2i) even eliminates the TGR (Figure 3d). Comparing these 269 

three combination models, we suggest that embedding the Tibetan transition zone structures from 270 

SL2013sv within the GYPSUM-S global mantle structure can generate the best-fit geoid (Figure 271 

3e), both on a global scale and in the TGR region. Therefore, we determine the high-density 272 

materials in the Tibetan transition zone (as the SL2013sv reveals) as the dominant mantle density 273 

origin of the TGR (Figure 4). 274 

 275 
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 276 

Figure 3. a). Observed geoid. Red line: model replacing region. b-c): geoid calculation results 277 

generated by b). GYPSUM-S only, c). SEMUCB-WM1 nested in GYPSUM-S, d). SL2013sv 278 

nested in GYPSUM-S, e). EARA2014 nested in GYPSUM-S. 279 

 280 

4 Discussion  281 

Our predicted global geoid based on GYPSUM-S and SEMUCB-WM1 reproduces the 282 

previous results (Ghosh & Pal, 2022) and fits in the observation in the first order. More 283 

importantly, with the replacement of regional tomographic structure for the global tomographic 284 

structure in the transition zone, we can produce both global and Tibetan geoid patterns (Figure 3e). 285 

Previous geoid predictions focused on IOGL (Ghosh et al., 2017; Ghosh & Pal, 2022; Pal & 286 
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Ghosh, 2023; Steinberger et al., 2021) and only occasionally produced a weak geoid ridge in Tibet 287 

(Ghosh & Pal, 2022; Pal & Ghosh, 2023), we first achieve such a good TGR through the 288 

combination of multiple tomographic models.  289 

Although our depth sensitivity test in the result section was only based on GPYSUM-S 290 

model, the three-layer density structures from SEMUCB-WM1, SL2013sv, and EARA2014 291 

should not affect our geoid prediction. In 150-410 km, these three models show positive density 292 

anomalies (Figure 2f, i, and l). With a negative geoid kernel at this depth (Figure 1g), these 293 

positive density anomalies produce negative geoid signals and cannot contribute to the TGR. 294 

Below 660 km, positive densities in these three models are less intense than those in GPYSUM-S, 295 

which should not produce any positive geoid stronger than GPYSUM-S. For the high-density 296 

structures in the transition zoom (Figure 2), our geoid results (Figure 3) showed consistent 297 

positive contributions from these density structures. To further investigate the role of low-density 298 

anomalies, we remove the Tibetan transition zone low-density anomalies in all four tomography 299 

models and calculate the geoid response again (shown in Figure S4 b, d, f, h). After removing the 300 

low-density anomalies, the geoid patterns based on GYPSUM-S, SEMUCB-WM1, and SL2013 301 

models (Figure 2) change slightly. However, for the EARA2014 model, the TGR becomes more 302 

distinct (Figure S4h). This directly shows that the existence of a large number of low-density 303 

anomalies (Figures 2g, h, and i) in the Tibetan transition zone leads to an unrealistic low geoid in 304 

the TGR (Figures 3d and S4g). 305 

 306 

The comparison between the SL2013sv and the EARA2014-derived geoids provides an 307 

independent constraint on the collision and deformation evolution of the Tibetan plateau. The 308 
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collision and deformation evolution under the Tibetan plateau has been debated between Indian 309 

subduction (van der Meer et al., 2018) and thickened lithosphere dripping (Chen et al., 2017). The 310 

debate is previously based on the interpretation of different imaged mantle structures (EARA2014 311 

vs. SL2013sv). For the subduction model, van der Meer et al. (2018) interpret the SL2013sv's 312 

positive seismic anomalies under Tibet (Figures 2j-l and 4) as a northward subducted Greater 313 

Indian slab during 50 Ma to 15 Ma with an overturned south-dipping morphology (Figures 2l, and 314 

4; Replumaz et al., 2010). The slab penetrates the transition zone and makes a 315 

high-velocity-dominated transition zone. Many other studies support this structure and 316 

interpretation (Hafkenscheid et al., 2006, Parson et al., 2020, Replumaz et al., 2014, van der Voo 317 

et al., 1999, van Hinsbergen et al., 2019). For the dripping model, Chen et al. (2017) interpreted 318 

the EARA2014's Tibetan structure as the dripped Tibetan lithosphere (TL). The dripped TL sinks 319 

to the transition zone, although it is too small to influence the low-velocity dominated transition 320 

zone structure. In summary, the dripping model corresponds to a small number of dense anomalies 321 

in the transition zone while the subduction model corresponds to a much denser transition zone. 322 

Many previous seismological studies attempt to constrain these two alternative scenarios (Duan et 323 

al. 2017, Li et al., 2020, Wang et al., 2019, Wu et al., 2022, Xu et al., 2020). Our geoid calculation 324 

provides a new independent constraint to these two tomography models and the evolution 325 

scenarios behind them from a gravitational perspective. Based on our geoid calculation, the 326 

SL2013sv model, which supports the subduction model, can generate a more realistic geoid than 327 

the EARA2014 model, which supports the dripping model. Therefore, we support that the Indian 328 

subduction scenario could be a more plausible evolving scenario.  329 

 330 
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 331 

Figure 4. Location correspondence of the TGR and the tomography-predicted subducted slab. 332 

Blue bulk: Contour of the high-velocity anomaly from SL2013sv (250-660 km). The cross-section 333 

shows the shallower structure.  334 

 335 

Figure 4 summarizes the preferred SL2013sv transition zone structure and observed Tibetan geoid.  336 

As it shows, the wide subducted slab in the transition zone is exactly vertically beneath the TGR. 337 

Based on Figure 4, we suggest the TGR generation as follows: The Greater Indian lithosphere 338 

began to subduct at 50 Ma and terminated at 15 Ma. The subducted slab kept sinking into the deep 339 

mantle after undergoing an overturn process and remains in the current mantle transition zone. The 340 

slab remnant in the transition zone has degree 7-10 wavelengths and affects the degree 7-10 341 

components of the surface geoid. According to the geoid kernel, these density anomaly 342 

wavelengths highly contribute to the geoid positively. Therefore, at the corresponding location of 343 

the subducted slab, a relatively high geoid anomaly: Tibetan Geoid Ridge (TGR), is generated. 344 
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 345 

5 Conclusion 346 

In this study, we determine the origin of the Tibetan Geoid Ridge by spherical harmonic analysis 347 

and global geoid calculation. Additionally, the geoid calculation also constrains the evolution 348 

scenarios of the Tibetan Plateau. The conclusions are summarized as follows: (1) Tibetan Geoid 349 

Ridge is mainly contributed by degree 7 to 10 components in global geoid observation and it is 350 

mainly caused by the mantle transition zone density structure. (2) Geoid calculation supports a 351 

high-density structure in the mantle transition zone beneath the Tibetan Plateau. (3) This geoid 352 

calculation also suggests that the Indian slab subduction scenario is more possible than the 353 

lithospheric dripping scenario in the evolution of the Tibetan Plateau. 354 

 355 
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Figure S1 a). Calculated global geoid by using the tomography model SEMUCB-WM1 only. b). 

The degree 7-10 components of a). c). Geoid calculation results conducted by Ghosh & Pal (2022) 

using different tomography models. Top left one is the geoid observation for comparison. 

 



 

Figure S2. a): Calculated global geoid by using the tomography model GYPSUM-S. b): Geoid 

calculation result with the degrees 7-10 density structure in 150-410 km removed. c): Geoid 

generated by the degrees 7-10 density structure in 150-410 km only. d) and f): Same as b) but for 

410-660 km depths (d), 660-1000 km depths (f). e) and g): Same as c) but for 410-660 km depths 

(e), 660-1000 km depths (g). 

 



 

Figure S3. Left: seismic velocity anomalies of GYPSUM-S for 462 km (a), 600 km (c) and 660 

km (e). Right: degrees 7-10 components of the seismic structures shown left side. g): a cross-

section of the GYPSUM-S. 

 



 

Figure S4. Left side: Geoid pattern calculated by a): only GYPSUM-S, c): SEMUCB-WM1 

nested in GYPSUM-S, e): SL2013sv nested in GYPSUM-S and g): EARA2014 nested in 

GYPSUM-S. Right side shows the calculated geoid as the left one but with the low-density 

anomalies eliminated in Tibetan region. 
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