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11 Summary 
12 The tectonic history of the Himalaya-Tibet Mountain Range records two important extensional 
13 tectonic events: 1) N-S extension in the Himalaya-Tibet transition zone,  and 2) E-W extension 
14 in the southern and central Tibet, manifested in the form of east-west and north-south striking 
15 normal faults, respectively. The N-S extensional event (~22 Ma) started to commence earlier 
16 than the E-W extension (~18 Ma) and phased out by ~11 Ma, whereas the E-W extension 
17 continued to recent time (~4 Ma), suggesting a temporally overlapping period of ~7 Myr. This 
18 article addresses the question- did they originate from the same dynamical process?  Using 
19 numerical and laboratory experiments, we show that a decreasing India-Asia convergence 
20 velocity induced gravitational collapse of the Tibetan plateau is the main driving force for both 
21 the extensional tectonic events, but they were controlled by two different mechanisms. Our 
22 results show that with a drop in the convergence velocity southern Tibet underwent 
23 gravitational collapse due to pressure relaxation in the underlying Himalayan wedge, and the 
24 collapse forced the deep crustal materials to extrude up, creating  N-S extension (22 – 11 Ma) 
25 along the Himalaya-Tibet transition zone. On the other hand, presence of rigid Tarim block in 
26 north-western Tibet caused differential topographic uplifts from west to east, resulting in a 
27 first-order eastward topographic gradient of 0.1º during the initial fast-stage of India-Asia 
28 collision (> 22 Ma). Later on, this topographic slope prompted eastward crustal flows in the 
29 course of gravitational collapse, leading to E-W extensional tectonics (~18 - 4 Ma) in Tibet. 
30

31

32

33

34 Keywords: India-Asia collision; Gravity collapse; Crustal flow velocity; Laboratory 
35 modelling; Strain-rate tensor 
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37 1. Introduction
38

39 Despite a prolong period of continuous India-Asia collision (~50 Ma), the present-day 

40 contractional deformations in the Himalaya-Tibetan orogen are primarily limited to its northern, 

41 northeastern and southern margins (Fig. 1a; Li et al. 2015, Zheng et al. 2017, Wang & Shen 

42 2020), leaving a large portion of its interior region dominated by extensional tectonics. Two 

43 principal types of extensional structures are observed: 1) numerous N-S trending grabens and 

44 high-angle normal faults, located in the central Tibet, indicating E-W extensional deformation 

45 (Williams et al. 2001; Wang et al. 2014; Cooper et al. 2015) (Fig. 1b), and 2) E-W trending 

46 north-dipping, low-angle normal fault system, located at the Himalaya-Tibet transition zone, 

47 known as the South Tibetan Detachment System (STDS), indicating N-S extensional 

48 deformations (Fig. 1b). Geological data suggest that the N-S extensional tectonics (i.e., STDS) 

49 initiated at around 22 Ma and remained active to as late as 11 Ma (Fig. 1c; Kellett et al. 2009, 

50 2013).  The E-W extensional tectonics, on the other hand, initiated relatively at a later phase 

51 (ca. 18 Ma) of the India-Asia collision, and continued to operate till present-day, as warranted 

52 by a number of geological proxies, such as  neo-tectonic faults (Armijo et al. 1986), offset 

53 quaternary deposits in the in the Ama Drime Massif and central Himalaya (Jessup et al. 2008), 

54 geophysical signatures, such as earthquake fault plane solutions (Andronicos et al. 2007) and 

55 GPS data (Zheng et al. 2017). Field investigations yield diverse temporal relations between 

56 N-S and E-W extensional structures; some suggesting E-W extension being younger than the

57 N-S extension in some places (Hurtado et al. 2001, Murphy et al. 2002, Jessup et al. 2008,

58 Hintersberger et al. 2010), whereas others showing more or less coeval occurrence (Mitsuishi 

59 et al. 2012). A compilation of the well constrained age data indicates that the two extensional 

60 events took place synchronously for at least 4 to 8 Ma during the early Miocene period (Fig. 

61 1c; Cooper et al. 2015).  This discussion leads us to the following stimulating question- did 

Page 2 of 24Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

62 these orthogonally acting crustal extensions in Tibet originate from the same or different 

63 dynamics?     

64      

65 Figure 1: a) Spatial distribution of N-S and E-W extension related normal faults in the 
66 Himalaya-Tibetan plateau. b) Schematic 3D diagram of the Himalaya-Tibet orogeny showing 
67 spatial distribution of N-S and E-W extension related normal faults. c) Age distribution of N-
68 S and E-W extensional faults which shows that N-S extensional faults are older than E-W 
69 extensional faults and they form ~7 Ma temporally overlapping period.  d) Temporally 
70 decreasing India-Asia convergence velocity graph. Varying average indentation velocities for 
71 specific time intervals, considered in the laboratory models have been also indicated on the 
72 graph.  e) 2D numerical model setup with thermal and kinematic boundary conditions used for 
73 numerical experiments. f) A schematic diagram of the top view of the laboratory model setup 
74 of India-Asia indentation experiment. 
75

76

Page 3 of 24 Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

77 A number of tectonic models has been proposed to explain the initiation of E-W and 

78 N-S extensions during the India-Asia convergence. Existing N-S extensional models show the 

79 crustal extension at the southern margin of Tibet as a consequence of either the southward 

80 extrusion of deep crustal metamorphic core in the Higher Himalaya (Beaumont et al. 2001, 

81 Grujic et al. 2002, Maiti & Mandal 2021) or formation of passive roof structure above a 

82 contractional wedge in the Himalaya (Kohn 2008). The driving mechanism for E-W extension, 

83 on the other hand, is a debated subject, despite a remarkable advancement in Tibetan tectonic 

84 modelling over the last few decades, which include convective removal of mantle lithosphere 

85 (England & Houseman 1989), lateral extrusion of crustal materials (Tapponnier et al. 1982, 

86 Hintersberger et al. 2010, Mitsuishi et al. 2012), lower crustal flow (Pang et al. 2018), oblique 

87 convergence (McCaffrey & Nabelek 1998), and far field extensional forces (Schellart et al. 

88 2019). The work of Copley & Mckenzie (2007) suggested that currently southern and eastern 

89 part of Tibetan plateau are undergoing topography-driven gravity flow, and developing normal 

90 faults in the southern Tibet. However, most of these earlier models treated the dynamics of two 

91 extensional tectonics (i.e., N-S and E-W) separately, giving no dynamic connections between 

92 the two tectonic processes. Moreover, it is yet to resolve the questions- what caused their long 

93 overlapping period of extensional activities (7 to 8 Ma) and why the N-S extensional event 

94 eventually seized by ~11 Ma, allowing the E-W extension to remain active till present day. 

95 From numerical and scaled laboratory models this study addresses the problem of dynamic 

96 connection between the E-W and N-S crustal extensions in the Himalaya-Tibet system. It is 

97 demonstrated that they originated from two distinctly different parallel tectonic processes, 

98 where the reducing India-Asia convergence rate has acted as the unifying kinematic factor to 

99 govern them.    

100

101 2. Methods and model setup
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102 Tectonic reconstruction studies suggest India-Asia collision occurred with decreasing 

103 convergence rates from ~15 cm/yr at 50 Ma to ~3.5 cm/yr at the present-day (Molnar & Stock 

104 2009, Copley et al. 2010). Using thermo-mechanical numerical and scaled laboratory 

105 experiments we investigate whether such a retarding Indian indentation could be the main 

106 factor in driving both the N-S and E-W extensional tectonics in the Himalaya-Tibet. In the 

107 numerical experiments, we modelled the Himalayan wedge with low-viscosity (µ) and -density 

108 (ρ) crustal materials (µ  = ∼1020 -1021 Pa s; ρ = 2600–3050 kg/m3), sandwiched between the 

109 relatively stronger colliding Indian plate (µ = ∼1021 -1023 Pa s; ρ = 2750–3250 kg/m3) and the 

110 overriding Tibetan plateau (Fig. 1e). Our thermomechanical modelling implements the 

111 conservation equations for mass, momentum and energy as follows.

112                                ,                                                (1)𝜌∇.𝒖 = 0

113 ,                                    (2)―µ∇2𝒖 + ∇𝑝 = 𝑭

114                           ,            (3)   𝜌𝐶𝑝
∂𝑇
∂𝑡 +𝜌𝐶𝑝𝒖 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝑄𝑠ℎ

115 where u, μ, ρ, p, F, denote velocity vector, viscosity, density, pressure, and body force term, 

116 respectively. In Equation (3), the thermodynamic parameters T, Cp, k, Qsh represent 

117 temperature, specific heat, thermal conductivity, and heat source respectively. The values of 

118 different parameters and material properties chosen in our models are listed in Supplementary 

119 Table S1.

120 To model the 3D topographic evolution and associated crustal flows in the Himalaya-

121 Tibet orogeny, we develop an indentation model, replicating the decreasing India-Asia 

122 collision velocity in a 3D scaled-laboratory setup within a framework of thin viscous sheet 

123 (TVS) approximation (England & McKenzie 1982, Yang & Liu 2013, Maiti et al. 2021). The 

124 continental lithosphere is usually modelled with viscous rheology to represent its large-scale 

125 and long-term deformation behaviour (Ellis 1996, Copley & Mckenzie 2007). Similarly, we 

126 have used appropriately scaled analogue viscous materials to model crustal-lithosphere and 
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127 underlying sub-crustal mantle region of the Tibetan plateau.  The top 40 km thick crustal-

128 lithosphere is modelled using glucose syrup-1 (ρcl = 1406 ± 3 kg/m3, µcl = 305 ± 5 Pa s), which 

129 represents a depth-averaged physical properties of the corresponding natural prototype (density: 

130 2,780 kg/m3, viscosity: 3 × 1021 Pa s). Glucose syrup-2 (µsm = 28 ± 5 Pa s; ρsm = 1,510 ± 5 

131 kg/m3) has been used to model the underlying sub-crustal mantle region (viscosity: ∼1020 Pa 

132 s; density: 3,200 kg/m3) (Jiménez-Munt et al. 2008). We have chosen commercial plasticine 

133 mixed with oil (viscosity = 3 × 105 Pa s; density = 1.5 gm/cc) (Zulauf & Zulauf 2004) to 

134 represent relatively strong Tarim and Sichuan blocks. The wooden indenter plate in our model 

135 setup mechanically replicates a relatively much stronger colliding Indian plate. The 

136 experimental setup consists of a 40 ×50 cm rectangular box with a depth of 3 cm (Fig. 1f). The 

137 width 40 cm in the model represents approximately 3200 km east-west length of the Tibetan 

138 plateau. This gives rise to nature to model length ratio 1.25 × 10−7. The properties of analogue 

139 materials and model scaling ratios are provided in Supplementary Table S2. We gradually 

140 reduced the indentation velocity from an initial average of 5.5 cm/yr to present-day 3.5 cm/yr, 

141 in accordance with the convergence velocity-time regression (Fig. 1d). The initial position of 

142 Indian indenter’s leading-edge is kept at a distance, scaled to 2000 km south from the present-

143 day position (Schellart et al. 2019). The shortening of this distance is attained in three 

144 successive stages: S1, S2, and S3 with shortening (ϵ) of 800, 600, and 600 km, and 5.5, 4.5, 

145 and 3.5 cm/yr, respectively.  For a quantitative analysis of the model crustal-flow velocity, we 

146 use a particle image velocimetry system, called PIVLab (details in Supplementary-S2). 

147

148 3. Results 

149 3.1. N-S extension in 2D numerical models

150 Our 2D thermomechanical numerical model results suggest  during the early phase of 

151 fast India-Asia collision the downgoing motion of the subducting Indian plate (subduction 
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152 velocity, us = 8 cm/yr) produced a high lubrication dynamic pressure in the Himalayan wedge 

153 (Maiti & Mandal 2021) and facilitated burial of buoyant crustal rocks into the wedge (Fig. 2a). 

154 This dynamic state was able to transfer large amount of contractional stress to the overriding 

155 Tibetan lithosphere and developed higher topographic upliftment (Fig. 2a). The magnitudes of 

156 lubrication dynamic pressure started to drop with reducing subduction velocity (Fig. 2c), and 

157 the collision system eventually attained a threshold condition when us dropped below 5 cm/yr. 

158 Under this critical state of low dynamic pressure, the Himalayan wedge failed to transmit 

159 sufficient contractional stress to support the elevated topography of the overriding Tibetan 

160 lithosphere produced in the fast collision phase, and resulted in gravitational collapse in the 

161 uplifted and thickened Tibetan crust (Fig. 2b). The collapse of the Tibetan plateau started to 

162 occur preferentially at the southern margin of Tibet, which forced the deep-crustal materials in 

163 the Himalayan wedge to extrude in the form of a spontaneously developed extrusion channel, 

164 bounded by two oppositely directed shear zones with a normal sense of shear on the top and a 

165 thrust sense of shear at the bottom (Fig. 2b). The normal sense of shear in the model is located 

166 close to the Himalaya-Tibet suture zone, and represents the N-S extensional tectonics, as 

167 manifested in the form of STDS fault systems at the southern margin of Tibet (Fig. 2b-ii; Carosi 

168 et al. 2018). The thrust sense of shearing at the bottom of extrusion channel indicates 

169 concurrently occurring contractional tectonics in the Himalayan wedge, recorded in the Main 

170 Central Thrust (MCT) (Carosi et al. 2018, Maiti & Mandal 2021). Continued gravity collapse 

171 of the overriding Tibetan lithosphere upon the Himalayan wedge eventually raised the dynamic 

172 pressure and equilibrated the system (Maiti & Mandal 2021). This transformation led to 

173 cessation of STDS faulting, i.e. N-S extensional tectonics in the Himalaya-Tibet transition zone. 

174 However, our 2D numerical model evidently cannot explain the deformation dynamics in the 

175 east-west direction. We therefore conduct 3D laboratory experiments to interpret the E-W 

176 extensional tectonics, which is discussed below.
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178 Figure 2. a) and b) show plots of (i) velocity vectors and (ii) horizontal strain rates (εxx) in 2D 
179 numerical model at high subduction velocity, us = 8 cm/yr and threshold  us = 5 cm/yr of the 
180 downgoing Indian plate. Note that the overriding Tibetan lithosphere is undergoing 
181 contractional deformation at us = 8 cm/yr, but at us = 5 cm/yr the Tibetan plateau undergoes 
182 extensional deformation due to gravitational collapse of the Tibetan plateau onto the 
183 Himalayan wedge. c)  Calculated plots of dynamic pressure (Pdy) in the Himalayan wedge from 
184 analytical solution of lubrication dynamics (Maiti and Mandal, 2020) against excess 
185 overburden load (Pob) acting onto the wedge-overriding plate interface. Pob arises from 
186 topographic load and density difference between buoyant wedge rocks and denser overriding 
187 plate materials. Note that at us = 5 cm/yr the Pdy significantly dropped below the Pob. d) Top 
188 views of 3D laboratory model run with decreasing indentation velocity (IDEC) from 5.5 to 3.5 
189 cm/yr. i) to iv) show snapshots of the crustal flow patterns taken at different percentage of the 
190 convergence (ϵ) and changes in the principal axes of horizontal strain-rate tensor (blue is 
191 compression, red is extension). e) N-S and E-W topographic profiles along AB and CD sections 
192 at different ϵ.
193

194 3.2. E-W extension in 3D laboratory models

195 Our 3D laboratory model accounts for the effects of lateral crustal heterogeneity in the 

196 form of Tarim and Sichuan basins to investigate exclusively the dynamics of eastward crustal 

197 flows and E-W extensional tectonics in Tibet under reducing India-Asia collision rates. In stage 

198 S1 (ϵ = 0 to 40%) (fast collision with an average indentation velocity of the Indian plate: UIND 

199 = 5.5 cm/yr), the collision produced a strongly heterogeneous NNE-directed crustal-flow 

200 velocity, with negligibly small E-W velocity components (Fig.  2d-i). The northward flows 

201 localize in southern Tibet at high velocities (~5 cm/yr), but rapidly reduce northward, leaving 

202 the northern boundary of Tibet virtually unaffected. The strain maps, calculated from the model 

203 velocity fields in Stage-S1 show mainly N-S contractional deformations at a rate of 2×10-8 yr-

204 1 in southern Tibet (Fig. 2d-i). The western region gained slightly higher topographic elevation 

205 relative to its eastern counterpart forming a gentle slope (0.04º) in the E-W direction (Fig. 2e). 

206 In Stage S2 (ϵ = 40 to 70%; UIND = 4.5 cm/yr), the NNE-directed high crustal velocity 

207 (~ 4.2 cm/yr) field propagated northward with crustal flows at the rates of ~1 cm/yr. At this 

208 stage the strong Tarim basin at the northern margin acted as a mechanical barrier to redirect 

209 the northward flows in north-east directions through the central and eastern Tibet (Fig. 2d-ii). 

210 In addition, the presence of this basin significantly constrained the effective width of western 
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211 Tibet to accommodate horizontal contraction, as compared to the much wider eastern flank of 

212 Tibet. Towards the end of Stage-S2 (ϵ = 70%), the model developed a plateau with steep 

213 topographic slopes (0.1º) in the east direction (Fig. 2e-ii). At this stage, measured contractional 

214 deformations across north to central Tibet is 2.5×10-8 yr-1 (Fig. 2d-ii).  

215 In stage S3 (ϵ = 70 to 100%; UIND = 3.5 cm/yr) of collision, the model showed a 

216 remarkable change in the crustal-flow pattern (Fig. 2d-iii). In southern Tibet, the flows 

217 occurred in the NNE direction with an average magnitude of 3.2 cm/yr, which decreased to ~2 

218 cm/yr in northeastern Tibet, where they had a grossly ENE trend. The model developed a 

219 distinct region of east directed crustal-flows at the rates of 1.5 to 2 cm/yr in the central and 

220 eastern parts of the plateau (Fig. 2d-iii). The combined effects of eastward topographic gradient 

221 and gravitational collapse of the elevated plateau forced crustal materials to flow from western 

222 and central Tibet to the southeastern and northeastern regions. 

223 The Stage-S2 to S3 transition is marked by initiation of E-W extensional strains (2×10-8 

224 yr-1), dominantly in the central and eastern Tibet (Fig. 2d-iii). In Stage-S3, the northern plateau 

225 margin continues to undergo horizontal contraction (1×10-8 yr-1) (Fig. 2d-iii). The strain map 

226 for the present-day model configuration shows that the E-W extension eventually captures the 

227 entire Tibetan tectonics, leaving a small region of high contractional rates (4 ×10-8 yr-1) between 

228 the eastern syntaxis and Sichuan basin. The strain distribution in the eastern flank of model 

229 Tibet is found to be strongly heterogeneous. On immediate south of this contraction region lies 

230 an extensional field of high strain rates (3 ×10-8 yr-1; Fig. 2d-iii), which is a consequence of the 

231 flow divergence (fan like front in the Burma plate) in the extreme southeastern margin (Fig. 

232 2d-iii, iv). At the end of stage S3 (ϵ =100%), the model produces an overall crustal-flow pattern 

233 (Fig. 2d-iv), very similar to the present-day GPS velocities measured in the Tibetan region 

234 (Zhang et al. 2004, Liang et al. 2013). Southern Tibet show NE-direction crustal flows, 

235 gradually changing to nearly east in the northeastern flank of Tibet, and eventually taking a 
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236 clockwise turn between Eastern Himalayan Syntaxis (EHS) and Sichuan basin to escape in the 

237 south-east direction (~2.5 cm/yr), forming a fan-like front (Fig. 2d-iv). The gravitational 

238 collapse reduces the topographic gradient along the E-W (0.04º) direction (Fig. 2e-iii). 

239

240 3.3. A unified 3D numerical model

241 To investigate whether the N-S and E-W extensional tectonics were driven by the same 

242 gravitational collapse dynamics, we developed a unified 3D numerical model using the same 

243 set of governing equations (Supplementary S3), as in our 2D model. Here we considered a 

244 subduction velocity of 4 cm/yr and an E-W topographic slope of 0.1º, as estimated from our 

245 3D laboratory models at the end of Stage-S2 (Figs. 2e-ii, 3a). This initial model condition 

246 represented the ~22-18 Ma tectonic setting in the history of India-Asia collision. The model 

247 produces synchronously operating N-S extension in the Himalaya-Tibet transition zone and E-

248 W extension in the central Tibet (Fig. 3b). 

249 4. Discussion and conclusion

250 Our combined numerical and analogue modelling approach integrates the following 

251 crucial issues within a single geodynamic framework: 1) the underlying dynamics of N-S and 

252 E-W crustal extensions in Tibet, 2) the role of temporally retarding India-Asia collision in the 

253 extensional tectonics, and 2) the influence of rigid crustal blocks, such as Tarim and Sichuan 

254 basins in the evolution of 3D Tibetan topography with eastward topographic slopes that set in 

255 the present-day eastward crustal flows in the Tibetan plateau. The 2D numerical model 

256 suggests that the Himalayan wedge dynamics entirely controlled the N-S extension in the 

257 Himalaya-Tibet system, where the retarding India-Asia convergence kinematics played a 

258 mediated role, as explained in the following. According to the lubrication model, the downward 

259 movement of subducting Indian plate at a high velocity produced a large dynamic pressure in 
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260 the wedge (Maiti et al. 2020, Maiti & Mandal 2021), which enabled the wedge to support the 

261 overriding 

262

263 Figure 3. a) 3D topography in the laboratory model produced after 70% of total convergence. 
264 Note that there were different rates (average) of topographic uplift from west to east in the 
265 Tibetan plateau which gave rise to west to east topographic gradient. This topographic gradient 
266 was used in the 3D numerical model shown in panel-b. b) Calculated plots of velocity 
267 magnitudes in 3D numerical model at the moment of gravitational collapse (at ~ 18 Ma and us 
268 = 4.5 cm/yr). Comparison of the c) present-day GPS velocity field with model produced 
269 velocity, and  d) present-day principal axes of horizontal strain-rate tensor (blue is compression, 
270 red is extension), derived from GPS velocities (after Zhang et al., 2004) and model results.
271

272 lithospheric load and at the same time transferred compressive stresses into the overriding Tibet. 

273 With decreasing plate velocity the dynamic pressure started to decline, as predicted from the 

274 lubrication mechanics (Fig. 2c; Maiti et al. 2020) and became sufficiently low so that the wedge 

275 failed to support the elevated Tibetan topography and initiated gravitational collapse at the 

276 southern margin of Tibet. The gravitational collapse, in turn, forced the deep-crustal materials 

277 in the Himalayan wedge to extrude in the southward direction that developed a N-S extensional 
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278 tectonic setting in the form of STDS (Fig. 2b-ii). This N-S extension in the southern margin of 

279 Tibet was the first response to the reducing collision rate, the effect of which had some time 

280 lag (~3-4 Myr) to influence the differentially uplifted western and eastern Tibetan topography 

281 and to initiate the eastward crustal flows. 

282 Our 3D laboratory model results suggest that the lateral crustal heterogeneities, Tarim 

283 and Sichuan basins critically controlled the evolution of the first-order eastward sloping plateau 

284 topography (0.1°), which later collapsed to set the eastward flows and developed E-W 

285 extension in the central Tibet as the indentation velocity reduced to the present-day level (3.5 

286 cm/yr in average). Up-scaling of the model velocity field reveals that the mechanically strong 

287 Tarim basin in north acted as a mechanical obstruction to reduce the horizontal crustal-flow 

288 velocity, and facilitated the western and central Tibetan topography to uplift at faster rates (1.1 

289 mm/yr), compared to the adjoining eastern and northeastern regions (0.5 mm/yr). This 

290 differential uplift gave rise to an eastward topographic slope in the period (~45 to ~18 Ma) of 

291 fast collision (UIND ≥ 4.5 cm/yr) (Fig. 2d). As UIND decreased to 3.5 cm/yr at ~18 Ma, the 

292 topography collapsed with an eastward crustal-flow in the central plateau and gave rise to E-

293 W extensional tectonics. The eastward flow eventually encountered the Sichuan basin in 

294 eastern Tibet and turned clockwise around the Eastern Himalayan Syntaxis (EHS) (Figs. 2d-

295 III, IV). The present-day velocity magnitudes and their directions in the southern (~3.5 cm/yr), 

296 central (~3.2 cm/yr) and north-eastern Tibet (0.5 to 1 cm/yr) (Fig. 3c), as estimated in our study 

297 are consistent with the GPS data of ~4 cm/yr, ~3.5 cm/yr, and 0.5 to 1.5 cm/yr, respectively 

298 (Zhang et al. 2004, Gan et al. 2007, Liang et al. 2013). The model estimate of extensional strain 

299 rate in the central and southern Tibet is 0.8-2.2×10-8 yr-1 (Fig. 3d), which also matches  with 

300 the geodetic estimates (8 to 12×10-9 yr-1, Ge et al. 2015). An overall agreement of the model-

301 derived present-day crustal velocities and strain rates with the GPS data validate our model 

302 findings.    

Page 13 of 24 Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

303 To summarize, this study substantiates the topography induced gravitational collapse 

304 theory for the Tibetan plateau to explain  the extensional crustal deformations in the Himalaya-

305

306
307 Figure 4. a) A schematic presentation of the deformation pattern in the Tibetan plateau with 
308 decreasing Indian indentation velocities (IIND). (a) During high IIND = 5.5 cm/yr, the collision 
309 produced an overall NNE-directed crustal flow in Tibet. b) With continuous northward 
310 indentation (IIND = 4.5 cm/yr), crustal flows encountered resistance from rigid Tarim basin and 
311 were deflected towards northeast. At this stage the western and central Tibet uplifted at 
312 relatively higher rates, compared to eastern Tibet, creating an eastward topographic gradient 
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313 (0.1°).  c) At 19 ± 3 Ma (ϵ = 70%), decrease of IIND to the present average (3.5 cm/yr), resulted 
314 in gravitational collapse of the plateau, and initiated both N-S and E-W extensional tectonics. 
315

316 Tibet system (Copley & Mckenzie 2007, Cook & Royden 2008). However, we argue that a 

317 coupled dynamics is required to explain the extension across and along the orogen, i.e. N-S 

318 and E-W, respectively.  It is the drop in dynamic pressure in the Himalayan wedge that dictated 

319 the N-S extension in southern Tibet, whereas the topography-driven gravity current developed 

320 due to the eastward topographic gradient set in the E-W extension in central Tibet.  However, 

321 the two tectonic events did not occur exactly in the same time frame; the N-S extension (22 – 

322 11 Ma) ceased to operate as the dynamic pressure regained its initial state with ongoing 

323 topographic collapse, but the E-W extension (18-4 Ma) continued to take place in response to 

324 the eastward topographic slope under the present-day convergence kinematics.  Therefore, we 

325 suggest reducing Indian plate’s indentation velocity actually controlled the coupled extensional 

326 dynamics. Far-field tectonic stresses or convective instability might have provided additional 

327 influences on extensional tectonics (Schellart et al. 2019). But, a complete synthesis of our 

328 model results point to that a combined effect of the crustal heterogeneity and the reducing 

329 Indian indentation velocity is necessary and sufficient to explain the E-W extension.  

330
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S1. 2D Numerical experiments

Table S1
Parameters used in models
Mechanical 
and thermal 
parameters

Units Tibetan
Upper 
&Mid
 crust     

 Tibetan
  Lower
  crust

 Wedge Lithospheric
  mantle

Mantle 

Thickness km      45
  
   25 To 100-130  

km depth

  
   35-130 To 410 km 

depth

Density (ρ) kg m-3
  
2800-2950

  
2950-3050 2600-3050

  
2900-3250

 
3250-3500

Effective 
viscosity (μ)

Pa s 1022- 1021
   
  1021

 
1021-1020

    
 1022-1021

 
1020-1019

Heat capacity
(Cp)

J kg-1K-1
 
    750

  
  750

 
   750 

  
    1250    1250

Thermal 
conductivity 
(k)

W m−1 
K−1

    2.25   2.25    2.25     2.25     2.25

Other 
mechanical 
parameters

 Units        Value  Other 
thermal 
parameters

  Units Value 

Model domain
 
 km 1600 (horizontal)×410     

(vertical)
Model surface 
temperature 
(T)

    ºC
 
    25

Convergence 
velocity of 
Indian plate (u)

cm/yr
          
      2-10 T at bottom of 

lithospheric 
mantle (130 
km)

    ºC
 
  1330

Upper boundary 
   
Atmospheric pressure       Model bottom 

T (at 410 km 
depth)

   
    ºC   

 
  1500

Left and right 
boundary of 
mantle domain

   Free slip Power law
exponent (n)

  -( 1 to 3)

Basal boundary 
of mantle 
domain

  
  Permeable Viscosity co-

efficient
factor (μ0)

1019– 1023  

Right boundary 
of Asian 
lithosphere

    No slip
   
    

* Values of the mechanical and thermal parameters are taken from previous numerical studies on the 
Himalaya and other similar geodynamic setups [Warren et al., 2008; Li and Gerya, 2009; Flesch et al., 
2001; Yang and Liu, 2013; Copley and Mckenzie, 2007] 
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3

Figure S1: a) Calculated temperature dependent viscosities used for different model domains. Note that the 

effective viscosities of each unit agree with the bounds estimated by a number of previous studies in the 

Himalaya-Tibet system [Flesch et al., 2001; Yang and Liu, 2013; Copley and Mckenzie, 2007] b) Depth 

dependent densities for the model domains, constrained from geophysical estimates in the Himalaya-Tibet 

system, as summarized in Jimenez-Munt et al., 2008.   

S2. Recording of 3D laboratory experiments

Characterization of velocity vectors in this study was executed using PIVlab, an image 

correlation algorithm written in Matlab. Cross correlation was performed on temporally 

successive image pairs which were captured with top view cameras. The correlation consisted 

of 2 passes with the 1st pass comprised of a preliminary 64 × 64 pixel interrogation zone for a 

coarse velocity calculation, followed by a 32 × 32 smaller interrogation zone for finer vector 

resolution.  The velocity vectors were then exported in .vtk format in order to compute the 

strain rate tensors (Eq. S1) in Paraview. 

                                               (S1)ε𝑖̇𝑗 =
1
2(∂𝑢𝑖

∂𝑥𝑗
+  

∂𝑢𝑗

∂𝑥𝑖)
The Compute Derivatives tab in Paraview calculates the 9 component tensor (dU/dx, dU/dy, 

dU/dz, dV/dx, dV/dy, dV/dz, dW/dx, dW/dy, dV/dx, dW/dz) from the velocity vectors. 
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In this study, we made use of the multi-faceted and precise software MicMac (Galland et al. 

2016; Rupnik et al. 2017) that applies photogrammetry in SfM algorithms to generate DEMs 

and 3D point clouds. The suitability of MicMac for laboratory models of geological processes 

has previously been tested by many workers. (Girod 2012; Galland et al. 2016). It is a free 

open-source software distributed under the CeCILL-B license. The main steps of the 

photogrammetric workflow in this study using MicMac are the following:

 Four photographs were simultaneously captured of the model from slightly different 

angles with the help of a 24.1 MP DSLR Nikon d5600 (Fig. S1). All images were 

analyzed with the photogrammetric software MicMac to compute tie points (Tapioca). 

 The tie points were used to compute both the viewing angle and camera positions, and 

the distortion model of the cameras’ optics (Tapas).

 The 3D transformation between the arbitrary system (Relative Orientation) and the 

georeferenced system was achieved with the help of ground control points 

(GCPBascule).

  A depth map was computed using all the images to create a 3D model through 

densification (Malt).

 A point cloud was generated (Nuage2Ply) which was further cleaned in Meshlab. The 

X, Y, Z coordinates of the point clouds were then plotted to create the topographic 

graphs.  

For each time step of the model, we processed the four synchronous images taken by the four 

cameras with MicMac to produce a high-resolution DEM and an orthorectified image. The 

orthorectified images are advantageous as that they are very accurate depictions of the model 

surface because they have been corrected optical distortion of the lens and camera tilt. Thus, 

the orthorectified images can be used to measure distances and angles very accurately. 
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Figure S2: Experimental setup for PIV and topography analysis

Table S2. List of model parameters and their values chosen in laboratory experiments, along 
with their corresponding values for the natural prototypes (Liu & Yang 2003; Cook & Royden 
2008; Schellart et al. 2019). The model scaling factors are provided in the extreme right column.  

Parameters Model value (m) Nature value (n) Ratio (m/n)

Gravity(g) 9.81 m/s2 9.81 m/s2 gr =1

Length (l) 40 cm 3200 km lr = 1.25×10-7 
Density (ρ) 1425 ± 3 kg/m3 2950 kg/m3 ρr = 0.4831

Viscosity (µ) 200 ± 5 Pa s 2×1021 Pa s µr = 1×10-19

Time ratio (t) 52.3 Seconds 1 Ma tr = 1.6560×10-12
 

Velocity (U) Um  Un Ur = 7.5484 ×104
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S3. 3D Numerical model setup and boundary conditions

We have constructed a three- dimensional (3D) mechanical model to show 3D nature of 

overriding Tibetan plateau’s gravity collapse. The model domain has dimensions of 3450 × 

2100 × 800 km in the x, y and z directions respectively. Material properties of each domain are 

same as in our 2D model. The top surface of Tibetan plateau approximates the topographic 

eastward topographic gradient measured at the time of gravitational collapse in the 3D 

laboratory model. In our model the Indian plate subducts at an angle 15° below the Eurasian 

plate. Tarim block and Sichuan basin surrounding the Tibetan plateau has been considered rigid 

and their position has been fixed based on plate reconstruction studies and earlier geodynamic 

models of India-Eurasia collision. 
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