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Abstract

The Cenozoic evolution of the Himalaya-Tibet Plateau, dictated by the India-Asia convergence, remains a subject of substantial

ambiguity. Here, a thermo-mechanical model is used to show the critical controls of decelerating convergence on the formation

and stabilization of distinctive tectonic structures during prolonged collision. At high constant convergence rates, similar to the

late Paleogene India-Asia motions, the lower plate crust is injected beneath the overriding crust, uplifting a plateau, first, then

is exhumed towards the orogeny front. Conversely, low constant convergence rates, similar to the Neogene India-Asia motions,

induce crustal thickening and plateau formation without underplating or exhumation of incoming crust. Strikingly, models

simulating the decelerating India-Asia convergence history portray a dynamic evolution, highlighting the transitory nature of

features under decreasing convergence, as the orogen shifts to a new equilibrium. In the transitional phase, the slowing of

convergence decreases basal shearing and compression, leading to extension and heating in the orogen interiors. This allows

diapiric ascent of buried crust and plateau collapse, as accretion migrates to a frontal fold-and-thrust belt. The models provide

insights into the multi-stage evolution of the long-lived Himalayan-Tibetan orogeny, from fast early growth of the Tibetan

Plateau, through its transient destabilisation and late-stage internal extension, behind the expanding Himalayan belt.
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ABSTRACT 10 

The Cenozoic evolution of the Himalaya-Tibet Plateau, dictated by the India-Asia 11 

convergence, remains a subject of substantial ambiguity. Here, a thermo-mechanical 12 

model is used to show the critical controls of decelerating convergence on the 13 

formation and stabilization of distinctive tectonic structures during prolonged 14 

collision. At high constant convergence rates, similar to the late Paleogene India-15 

Asia motions, the lower plate crust is injected beneath the overriding crust, uplifting a 16 

plateau, first, then is exhumed towards the orogeny front. Conversely, low constant 17 

convergence rates, similar to the Neogene India-Asia motions, induce crustal 18 

thickening and plateau formation without underplating or exhumation of incoming 19 

crust. Strikingly, models simulating the decelerating India-Asia convergence history 20 

portray a dynamic evolution, highlighting the transitory nature of features under 21 

decreasing convergence, as the orogen shifts to a new equilibrium. In the transitional 22 

phase, the slowing of convergence decreases basal shearing and compression, 23 

leading to extension and heating in the orogen interiors. This allows diapiric ascent 24 

of buried crust and plateau collapse, as accretion migrates to a frontal fold-and-thrust 25 

belt. The models provide insights into the multi-stage evolution of the long-lived 26 

Himalayan-Tibetan orogeny, from fast early growth of the Tibetan Plateau, through 27 

its transient destabilisation and late-stage internal extension, behind the expanding 28 

Himalayan belt. 29 
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1. INTRODUCTION 34 

Since collision of India and Asia ~50 Ma, plate convergence has been 35 

accommodated by the structural evolution of  the Himalayan mountains and the 36 

Tibetan Plateau (DeCelles et al., 2002; Guillot et al., 2003; Molnar and Tapponnier, 37 

1975) (Figure 1a, b). However, how the convergence has been accommodated and 38 

its correlation with the structural evolution of the orogeny are pivotal unresolved 39 

questions, crucial for the interpretation of plate kinematics and orogenic processes. 40 

The understanding of these processes is limited by uncertainties in three 41 

critical aspects: the India-Asia plate kinematics, the convergence motion partitioning, 42 

and the structuring of the orogeny. The India-Asia plate kinematics has been subject 43 

to debate, mostly related to the reconstruction and dating of the Indian Ocean floor 44 

(Liu et al., 2023; Molnar and Stock, 2009; van Hinsbergen et al., 2011). A robust 45 

feature of the convergence is the decreasing velocity throughout the Cenozoic 46 

(Figure 1c). This drops from values of ~18 to ~ 10 cm yr–1 before ~45 Ma, to 47 

between ~3 and ~5 cm yr–1, possibly as low as ~2 cm yr–1 (Gibbons et al., 2015; Lee 48 

and Lawver, 1995; van Hinsbergen et al., 2011). Despite the evidence for 49 

deceleration, making clear connections between convergence and Himalaya-Tibetan 50 

Plateau orogeny evolution has been difficult, and attempts to relate convergence to 51 

Asian tectonics and Tibetan evolution have not provided clear answers (Clark and 52 

Royden, 2000; Molnar and Stock, 2009; Replumaz et al., 2004; Royden, 1997).  53 

Ongoing uncertainty about the mechanisms accommodating convergence — 54 

whether it is through subduction, underplating, or indentation — has prevented firm 55 

assessments of mass balance. Crustal shortening estimates in the fold-and-thrust 56 

belt varies largely, from ~650 to 1000 km (DeCelles et al., 2002, 2001), even 57 

surpassing 1300 km (van Hinsbergen et al., 2011). These figures contrast with 58 

estimates derived from plate kinematics of total convergence ranging from 2000 to 59 

3600 km since 50 Ma (Molnar and Stock, 2009; van Hinsbergen et al., 2011). The 60 

discrepancies may relate to assumptions regarding the subduction history of the 61 

Indian lithosphere (e.g., Jagoutz et al., 2011) or variations in the extent and nature of 62 

the Greater Indian margin (e.g., Liu et al., 2023).  63 



Constraints from the deep Himalaya and Tibetan Plateau structures remain 64 

limited due to poor accessibility and resolution. Geophysical imaging does not clearly 65 

resolve the nature of the crust in the suture zone, and whether the Indian crust is 66 

accommodated in the beneath the orogeny, or up to ~30% is lost to subduction 67 

(Ingalls et al., 2016; Replumaz et al., 2010; Yakovlev and Clark, 2014), remains 68 

debated, preventing quantitative reconstructions of the orogeny (DeCelles et al., 69 

2001). While a minimum subduction rate of the Indian lithosphere is ~2 cm yr–1 (Ader 70 

et al., 2012), likely consistent throughout the Cenozoic (Guillot et al., 2003) (Figure 71 

1c, black), the diversity of convergence histories allows different hypotheses on 72 

crustal accommodation. This is due to open questions related to the time of collision 73 

and crustal thickening (Rowley, 1996), to the assessment of indentation, to 74 

uncertainties in crustal thicknesses prior to collision (Yin and Harrison, 2000), as well 75 

as the amount crust flowed or thrusted towards the Asian interior (Clark and Royden, 76 

2000; Replumaz et al., 2004; Yakovlev and Clark, 2014). 77 

The relationship between convergence, subduction, and structural style of the 78 

orogeny is grounded on the temperature- and strain rate-dependence of the strength 79 

of rocks. Extensive modelling reveals that during convergence, the advection of cold 80 

crust along with subducting lithosphere governs the temperature distribution within 81 

the orogeny, simultaneously dictating the basal shear rates between lithospheric 82 

plates (e.g. Faccenda et al., 2009; Knight et al., 2021; Piccolo et al., 2017; Vogt et 83 

al., 2017). These studies outline the influence of convergence rates on the structural 84 

make-up and tectonic style of orogens, offering a backdrop to explore more realistic 85 

convergence histories. 86 

Here, the role of decreasing convergence rate on the evolution of collisional 87 

structures is tested. This has previously been employed to address the fate of the 88 

Indo-Asian lithosphere (Kelly et al., 2019; Liu et al., 2023), whereas we focus on the 89 

crust and its impact on the structural evolution of the orogeny. A two-dimensional 90 

computational model of subduction and collision at constant convergence rates is 91 

used, showing that structures remain active throughout convergence. In contrast, 92 

deceleration results in remarkably different and evolving structures where early-93 

formed structures are destabilised or abandoned and the orogen reorganises. 94 



Figure 1: (A) Topography and major faulting of the Himalaya-Tibetan Plateau. 95 

Normal faults in red, strike-slip faults in yellow, IYSZ Indus-Yarlung-Tsangpo Suture 96 

Zone, BNSZ Bangong-Nujiang Suture Zone, JSZ Jinsha Suture Zone, MFT Main 97 

Frontal Thrust, MHT Main Himalayan Thrust, MBT Main Boundary Thrust, STD 98 

South Tibetan Detachment, LHS Lesser Himalaya Units, GHCS Greater Himalayan 99 

Crystalline Sequence, TSS Tethyan Sedimentary Units, NHD North Himalaya 100 

Domes. (B) Idealised cross section of the Himalaya-Tibetan Plateau, modified after 101 

Grujic et al., (2011); Searle, (2015) and Tapponnier et al., (2001). (C) Convergence 102 

velocities and subduction velocity (black) from Gibbons et al., (2015), Lee and 103 

Lawver, (1995), Molnar and Stock, (2009); Müller et al., (2008) and van Hinsbergen 104 

et al., (2011). Grey solid line is averaged convergence velocity used here, dashed 105 

line is total convergence. 106 

2. Modelling convergence and collisional orogeny  107 

In order to model the evolution of orogenic belts, a numerical approach is used that 108 

comprise the balance of forces due to subduction, buoyancy and internal stresses 109 

due to viscous and plastic deformation, the thermal balance between radiogenic 110 

heat, heat advection and diffusion during convergence, as well as the mass transfer 111 

due to erosion, transport and sedimentation (e.g., Gerya et al., 2008; Kelly et al., 112 



2019; Vogt et al., 2017) using an Eulerian finite element method with Lagrangian 113 

particles to solve for the viscoplastic flow of rocks (Beucher et al., 2019; Mansour et 114 

al., 2020).  115 

The modelling of convergence aligns with established modelling procedures 116 

(Knight et al., 2021; Vogt et al., 2017). Convergence of two continental plates is 117 

utilised from the time of collision, separated by a predetermined weak zone, 118 

favouring subduction (Figure 2a). During convergence, the crust decouples from the 119 

subducting mantle lithosphere causing crustal shortening and thickening, i.e., 120 

orogeny. Convergence is modelled by imposing a horizontal velocity across the crust 121 

and lithosphere, as outlined in Knight et al. (2021). Constant velocity models of 10 122 

and 2 cm yr–1, bracketing the inferred India-Asia motions, are compared with a model 123 

where the convergence rate varies between these values (Figure 1c, grey solid line). 124 

All models run until a minimum convergence of 2000 km is accommodated, 125 

comparable to the India-Asia Cenozoic convergence and the reconstructed 126 

continental margin (Guillot et al., 2003; Liu et al., 2023). The full model setup is 127 

described in Appendix A. 128 

 129 

Figure 2: A) Model setup. The convergence velocity is applied to the left boundary of 130 

the lithosphere and crust, with inflow and outflow across the sticky air layer. The top 131 



boundary is free slip, the right boundary no slip and the bottom boundary is 132 

unconstrained. The left, top and right boundaries have zero heat flux, whilst the 133 

temperature of the bottom boundary is unconstrained. The black box marks the area 134 

show in subsequent figures. LM = lithospheric mantle. B) Strength and temperature 135 

profile displaying the difference in strength between crust A/B (quartzite) and C 136 

(diabase) above 25 km depth, with both containing a dry olivine lithospheric mantle 137 

below, at constant strain rate of 10-14 s-1. 138 

3. Convergence history controls on orogeny structures 139 

3.1 Fast convergence model 140 

In the fast convergence model 2000 km of convergence is achieved at a 141 

constant rate 10 cm yr–1 over 20 Myr. The crust of both plates folds to form a proto-142 

wedge, in the initial stage of the collision (Figure 3, 4 Myr), and is then thrusted over 143 

the incoming crust (dashed line), by ~8 Myr. The downgoing crust reaches depths of 144 

~50 to 60 km and pressures of 1.6-2 GPa (Figure 4a, red), then decouples from the 145 

subducting lithospheric mantle and injects along the upper plate’s lithosphere-crust 146 

contact (Figure 3, 8 – 12 Myr), uplifting the overriding crust into a plateau. The 147 

deformation is driven by the basal shearing, which weakens the crust and forces flow 148 

as it thickens and heats up. Part of this crust remains buried at 1.5-2.0 GPa/~600 ˚C 149 

(Figure 3 and 4 red symbols) until the end of the model run. 150 

Once ~600 km of convergence is accommodated, the downgoing crust 151 

reaches deeper, ~100 km, and then exhumed towards the orogeny front (Figure 3, 152 

16 Myr, dotted line). The uplifted plateau act as a rigid buttress, counterbalancing the 153 

channel flow pressure and forcing the resurfacing of incoming crust to the front of the 154 

orogeny through a return (counter) flow, at velocities of similar magnitude to the 155 

convergence rate. The expanding exhumation channel gradually removes most of 156 

the proto-wedge units (Figure 3, 20 Myr). The rocks within these units undergo 157 

multiple burial and exhumation episodes, from ultra-high pressure to high 158 

temperature, and subsequently back to medium pressure conditions, exemplifying 159 

the “yo-yo tectonics” (Figure 3 12-20 Myr, and Figure 4a, yellow symbols).  160 

By the end of the modelled time, the plateau’s crust reaches a thickness of 161 

~70 km, where extant folded crust is stacked above the exotic crust, injected in the 162 

early (Figure 3, 20 Myr, red diamond) and late stages (blue diamond). Minor 163 



translation of the orogeny over the upper plate interior occurs over along a steep 164 

inward-dipping thrust. 165 

Figure 3: Fast and constant convergence velocity model vx = 10 cm yr–1. Blue, red 166 

and yellow symbols indicate locations of PTt paths in Figure 4. t is time, vc is 167 

convergence velocity and TC is total convergence. 168 

The topography at the end of the run shows a plateau at ~7 km high and ~700 169 

km wide (Figure 4d, blue dashed line), sloping towards the foreland, where no thrust-170 

and-fold belt forms at the orogens front. Due to the short duration of the model, 171 

erosion and sedimentation are negligible. As the fast convergence persist, isotherms 172 

are drawn to shallow depths in the exhumation channel, bordered by a cooler 173 

plateau interior. This is reflected by the final heat flow (Figure 4e, blue dashed line) 174 

with values of ~160-200 mW m–2, in the exhumation channel, bordered by regions 175 

with heat flow of 40-50 mW m–2. 176 

The late stage of this model shows the deep underthrusting of the extant crust 177 

of ~170 km past the suture zone (Figure 3, 20 Myr). The downgoing lithosphere 178 

underthrusting replaces the upper plate’s lithospheric mantle, as it delaminates (LMB 179 



in Figure 2, dark orange), and is accompanied by a dip decreases and a mild 180 

widening of the orogeny. Convergence is persistently accommodated by the crustal 181 

return flow (Figure 3, bottom panel), shown by the PT paths of the proto-wedge units 182 

(Figure 4a, blue and yellow diamonds), entrained deeply beneath the plateau 183 

reaching UHP conditions, that is >2.5 GPa/800 ˚C. while the plateau interior 184 

experiences minimal deformation and no frontal fold-and-thrust forms.  185 

 186 

Figure 4: Modelled PTt paths, topography and heat flow. (A) vx = 10 cm yr–1, (B) vx = 187 

2 cm yr–1, and (C) vx = 10 to 2 cm yr–1. Notice for 10 cm yr–1 in (A), all trackers reach 188 

high pressure (HP) conditions, and the yellow tracker undergoes several cycles of 189 

burial and exhumation within the forced convection at the orogenic front. Location of 190 

trackers shown in Figure 3, 5 and 6. (D) Topography and (E) heat flow of the models 191 

at the end of the model, after 2000 km convergence. 192 

3.2 Slow convergence model 193 

In the model with a slow constant convergence rate of 2 cm yr–1 over 100 Myr 194 

to reach 2000 km of convergence, a distinct structural style emerges, with 195 

predominant pure-shear thickening, with folding and minor faulting, forming a flat 196 

plateau with sloping flanks analogous to the fast model, despite the different internal 197 

structures. 198 



Spanning most of the modelled duration, until approximately 80 Myr — 199 

translating to around 1600 km of convergence — the slow convergence is 200 

accommodated by crustal folding, sequentially accommodated into the upper plate, 201 

culminating in a cohesive crustal plateau, with a uniform thickness of around 70-80 202 

km (Figure 5, 20 to 80 Myr). In contrast to the fast convergence model where the 203 

short duration minimises diffusion, at slow convergence rates, thermal diffusion re-204 

equilibrates efficiently the perturbed geotherms, leading to a thicker colder crust 205 

forming a fold belt, while no channel flow occurs (Figure 5, 80 Myr). The PTt paths 206 

(Figure 4b) show that all units (marked by red, blue, and yellow symbols) follow an 207 

average gradient of ~5-10 ˚C km–1, maintaining a temperature ceiling of ~500 ˚C at 208 

~2 GPa (red), showing that the orogeny is cooler by ~100 ˚C than the fast model at 209 

analogous pressures.  210 

In the late stages, ~80 to 100 Myr (Figure 5, 100 Myr), the incoming crust is 211 

buried deeply accommodated at the base of the orogen. The thickened crust load 212 

favours thrusting bordering the orogeny and shearing of incoming crust at the base 213 

of the plateau. These are illustrated by the strain rates and velocity fields (Figure 5, 214 

bottom panel) showing localisation along the outer thrusts and distributed deep 215 

crustal strain beneath the plateau. Another important difference is that no 216 

exhumation occurs at the front of the orogen and crustal flow is a late-stage and 217 

minor feature. In contrast to the fast model, the two crusts remain separated by a 218 

steep suture zone. 219 

 220 



Figure 5: Slow and constant convergence velocity model, vx = 2 cm yr–1. Blue, red 221 

and yellow symbols indicate locations of PTt paths in Figure 4. t is time, vc is 222 

convergence velocity and TC is total convergence. 223 

The orogen in this model develops a plateau, ~600 km wide and of similar 224 

elevation to the plateau in the fast model, ~7 km (Figure 4d, red dash-dotted line), 225 

although developing remarkably different structures. The slow convergence favours 226 

diffusion that results in low heat flow, < ~40 mW m–2, with the lowest values in the 227 

plateau (Figure 4e, red dash-dotted line). Erosion and sedimentation are intensified 228 

due to the model duration, although limited by the gentle slopes, with thicker 229 

sediment layers on the plateau and entrained in the orogen by thrusting, while 230 

crustal structures on the upper plate buttress are similar to that of the previous 231 

model. 232 

Lower convergence velocity coupled with reduced orogeny temperatures, 233 

precludes the deformation of the downgoing lithosphere, which is preserved the 234 

beneath the orogeny (Figure 5, 100 Myr) and less deformed than the fast 235 

convergence model. A fundamental difference is the nature of the orogenic front and 236 



the bulk of the crustal plateau overlaying a layer of incoming crust in the fast 237 

convergence model, while in the low convergence the two crusts are side-by-side, 238 

separated by a steep suture. 239 

3.3 Decelerating convergence model 240 

The model with decelerating convergence reproduces structures similar to the 241 

fast convergence model in the early stages, which change as the convergence rates 242 

decrease. As convergence and compression decrease, the perturbed thermal 243 

gradients in the orogen progressively re-equilibrate, altering the rheology of the later 244 

stage, resulting in a significantly different orogen. 245 

Figure 5: Decreasing convergence velocity model. Velocity varies from vx = 10 to 2 246 

cm yr–1 (see Figure 1c). Blue, red and yellow symbols indicate locations of PTt paths 247 

in Figure 4. t is time, vc is convergence velocity and TC is total convergence. 248 

In the initial stage, deformation of the extant crust is comparable to that in the 249 

fast-convergence model, with folding and thrusting of an initial proto-wedge, followed 250 

by injection of incoming crust into the extant plate, ~200 km along the crust-251 



lithospheric mantle contact (Figure 6, 16.5 Myr, red symbol). Subsequently, as in the 252 

fast convergence model, the incoming crust is buried deeper, to ~100 km (Figure 6, 253 

30 Myr), then exhumed by return flow, and no longer injected beneath the plateau. In 254 

this state, the return flow forms part of the proto-wedge (Figure 4c, yellow symbols), 255 

and PT paths show the same cycle of burial to UHP conditions (~2.0 GPa) and 256 

exhumation to shallow depths (Figure 4c, yellow symbols). 257 

In the remainder of the model the decelerating convergence induces a unique 258 

structural reorganisation and outward deformation migration. In this stage, ~400 km 259 

of convergence is accommodated between 30 and 50 Myr. The incoming crust, no 260 

longer buried deeply, decouples from the lithospheric mantle at ~ 50 km depth, 261 

accruing in the front of the orogen, forming a broadening frontal fold-and-thrust (FAT) 262 

belt. In this case, the fold-and-thrust belt grows outwards, as opposed to the slow 263 

convergence model, where the shortening and thickening occurs in the orogen 264 

interior. By the end of the model, the width of the orogen has expanded to ~1000 km 265 

(Figure 6, 50 Myr). 266 

Another unique feature of this model is the relaxation during late stages of 267 

both horizontal compression and strong temperature gradients, with heating of the 268 

deeply buried cold crust, emplaced during the fast convergence stage. While the 269 

channel flow ceases by ~16.5 Myr, the heating and progressive extension in the later 270 

stage, drives the diapiric ascent of newly weakened deep crust into the exhumed 271 

crust above (Figure 6, 50 Myr, red dotted line). The crustal doming is passive, as the 272 

flow in the exhumation channel has ceased, indicated by the vanishing of velocity 273 

vectors in Figure 6, 50 Myr (x = 1000 to 1200 km) and strain rates (bottom panel) in 274 

the previously active basal flow. Higher deformation rates in the ascending diapir and 275 

neighbouring channel flow illustrate the activity of these structures, as well as the 276 

active faulting and folding at the front and back of the orogen, as in the slow constant 277 

convergence model. The PTt path of the entrained units (yellow) shows initial cold 278 

P/T gradients followed by entrainment to UHP conditions, reaching temperatures of 279 

~600 ˚C, then returning to the surface (Figure 4c).  280 

The final topography in this model has similar features to the previous models, 281 

with a flat plateau and a sloping orogenic front and rear structures (Figure 4d). 282 

Compared to the fast and slow models, the topography is ~1 to 2 km lower and ~300 283 



km wider. The heat flow also shows higher values on the exhumed crust, typical of 284 

the fast convergence models, although reduced to <120 mW m–2, lower values in the 285 

plateau, ~60 mW m–2, and 40 to 60 mW m–2, in the frontal FAT belt (Figure 4d). The 286 

decelerating convergence rate accentuates erosion and sedimentation, allowing 287 

thicker sediment layers in the outer domains of the orogen. The structures of the 288 

upper plate, where the orogen overthrusts the overriding lithosphere, remain 289 

consistent with other models, with active thrusting. In this model, the plateau’s 290 

lithospheric mantle is partially removed, that is, between the almost complete 291 

delamination and minor thickening of the fast and slow convergence models, 292 

respectively.  293 

4. DISCUSSION 294 

4.1 Reconciling the Himalaya-Tibetan Plateau structuring with plate convergence 295 

Comparison of models with the Himalaya-Tibetan Plateau provides insights into the 296 

joint evolution of the collisional margin and plate motions, substantiating the 297 

discussion of the present-day deformation in the area. 298 

In our assessment of the role of convergence rate, only the model with a 299 

decreasing convergence velocity mirrors first-order features of the India-Asia 300 

collisional margin. The Himalayan rocks belonging to India and the Asia rocks 301 

forming the Tibetan Plateau, TP (Figure 1) are divided by the Indus-Yarlung-302 

Tsangpo suture (IYSZ), separating thickened crust to the north, from the Himalayan 303 

fold-and-thrust belt (H-FAT), which has comparable structures all along the chain 304 

front (DeCelles et al., 2002). The development of the H-FAT belt is well constrained, 305 

with active faulting younging to the south (DeCelles et al., 2001; Goscombe et al., 306 

2018), now active along the Main Boundary Thrusts (MBT). The H-FAT extends 307 

~400 km from the front to the IYSZ above the Indian plate, underlain by a single, 308 

continuous seismic reflector (Gao et al., 2016), which dips gently beneath the orogen 309 

and deepens further north along a step, reaching the IYSZ (DeCelles et al., 2002, 310 

2001; Nelson et al., 1996; Zhao et al., 1993). The H-FAT is overthrusted along the 311 

Main Central Thrust (MCT) by the Greater Himalayan Crystalline Sequence (GHCS), 312 

where deep-seated crustal rocks have been exhumed in a channel (Beaumont et al., 313 

2001; Grujic et al., 1996). These are overlain by the Tethyan Sedimentary Sequence 314 



(TSS), along the South Tibetan Detachment (STD) (DeCelles et al., 2001), which 315 

remained structurally high in the edifice since collision inception.  316 

These features are reproduced by the model with decreasing convergence. 317 

The model reproduces the frontal FAT belt, structurally beneath a wedge of 318 

complexly deformed and exhumed deep crustal rocks, similar to the GHCS, topped 319 

by the proto-wedge units, akin to the TSS. Except for the TSS, the other features are 320 

not captured by constant convergence models, which either do not develop a FAT 321 

belt, when too fast, or do not develop exhumation of deep rocks, when too slow. The 322 

final width of the FAT in the model is ~400 km, in agreement with the width of the H-323 

FAT, and reproduces the deep structure of the Indian lithosphere and orogen, with 324 

folding-and-thrusting above a step-like basal decollement reaching ~70 km depth 325 

beneath the suture zone, then plunging into the mantle (Zhao et al., 1993). 326 

The TP extends far into the Asian plate, having widened with the evolution of 327 

the orogeny (Tapponnier et al., 2001). Immediately north of the IYSZ is the Lhasa 328 

Terrane (Figure 1a), ~500-700 km wide, supported by a ~60-80 km thick crust 329 

(Kumar et al., 2019). The Lhasa Terrane’s is underplated by Indian crust, emplaced 330 

along the Moho between the Asian crust and lithosphere (DeCelles et al., 2002; 331 

Kumar et al., 2019; Streule et al., 2010), ~200-400 km further north than the IYSZ 332 

(Figure 1b). The models reproduce this geometry with injection of incoming crust 333 

below the Moho of the extant crust, ~200 km from the suture zone at the surface, 334 

uplifting a plateau with a similar crustal thickness and elevation to the TP, during the 335 

fast-converging stages. 336 

Figure 6: A) Heat flow map of the Himalayan-Tibetan region(Lucazeau, 2019). B) 337 

Min, max and average heat flow (Lucazeau, 2019) and topography (Robinson et al., 338 



2014) profiles from the West, centre and Eastern regions (grey boxes in A). C) 339 

Idealised P-T-t paths from the Himalayas, showing variations depending on location 340 

within the orogen (Kohn, 2014). 341 

The results show that the models’ topography comparison to the present-day 342 

orogen might not be diagnostic, instead the heat flow provides better constraints. A 343 

plot of three sections of the India-Asia collisional margin shows an overall flat 344 

topography (Figure 7), with consistent average elevation of ~5000 m ± 1000 m, 345 

sloping towards the Himalayan front. The plateau can be fit similarly by the different 346 

models proposed, all reproducing a flat top and sloping flanks (Figure 4d). The heat 347 

flow in the models show that faster convergence maximises heat flow in the 348 

exhuming frontal portion, whereas slower convergence minimises heat flow 349 

perturbations (Figure 4e). The distribution of heat flow along the orogeny is 350 

essentially symmetrical, with values increasing from ~40 mW m–2 in the foreland, to 351 

a maximum of 80 to 130 mW m–2, then decreasing to ~60-80 mW m–2 towards the 352 

northern Tibet (Figure 7a, b). These values are comparable to the decelerating 353 

model’s heat flow, with 40-60 mW m–2 in the foreland increasing to ~110 mW m–2, 354 

then reaching ~60 mW m–2 in the plateau (Figure 6e). Additionally, the observed 355 

location of the heat flow peak in the elevated orogeny interior (Figure 7b) is 356 

reproduced only by the decreasing convergence model presented. 357 

Additional support for the role of the convergence rate is provided by a 358 

comparison between models and evolution of the India-Asia collisional orogeny 359 

(Figure 8). The orogeny began with the folding of the Tethyan Sedimentary 360 

Sequence around 50 Ma (Figure 8a, TSS), which remained on top of the Himalayan 361 

sequence (Streule et al., 2010). The change of lower crust to eclogite (Pichon et al., 362 

1992; Spain and Hirn, 1997) supported by (ultra-)high-pressure eclogite facies 363 

(Figure 7c) found in the Kaghan area, north Pakistan, and the Tso Morari complex, 364 

NW India, suggest the Indian crust reached depths of >50 km between 47 and 43 Ma 365 

(de Sigoyer et al., 2000) (Figure 8a, green star) before being exhumed.  366 

The folding of the upper crust in the models matches the initial folding in the 367 

Tethyan Sequence (Figure 5) as well as the burial of cold incoming crust to depths 368 

>50 km by ~43 Ma (Figure 5), and exhumation after 34 Ma. Even though tracking the 369 

PTt in the models might not exactly match the observed, the modelled paths are 370 



comparable to those for the Tso Morari units, reaching P> 2 GPa and then warming 371 

during decompression to ~600 ˚C (Figure 7c). 372 

Figure 7: Sketch of the evolution of the Himalaya- Tibetan Plateau. Partially modified 373 

from (Streule et al., 2010). Black lines, major tectonic contacts, colored, major units, 374 

see Figure 1. 375 

Between ~40 and ~30 Ma, part of the Indian crust emplaced beneath the 376 

Lhasa terrane crust (DeCelles et al., 2002; Streule et al., 2010) (Figure 8b). This 377 

played a part in the evolution of the Plateau, causing the crust to thicken and uplifting 378 

the TP with minor deformation (Figure 8b, brown arrow). Our models with fast and 379 

decreasing convergence show similar crustal flow from ~43 to 35 Ma (Figure 3, 5) in 380 

the decreasing convergence model. 381 

The exhumation of deep-seated Indian crust in the Greater Himalayan 382 

Crystalline Sequence (GHCS) through ductile flow (Grujic et al., 1996) (Figure 8c, 383 

yellow arrow) is constrained by monazite U–Pb ages from ~38 Ma, although varies 384 

along the Himalaya  (Finch et al., 2014; Godin et al., 2006; Goscombe et al., 2018; 385 

Searle, 2015; Searle and Hacker, 2019),  lasting until the emplacement of the North 386 



Himalayan Domes, between 21 and 12 Ma (Goscombe et al., 2018), possibly 387 

subsiding when the Himalayan FAT began to develop ~18 Ma (Gao et al., 2016; 388 

Searle, 2015) until the formation of the Lesser Himalaya units (Figure 8d, LH). Both 389 

the fast and decreasing convergence models exhibit burial and exhumation of the 390 

incoming crust (Figure 8c). The decreasing convergence model shows exhumation 391 

onset by ~34 Ma, active until ~8 Ma, with the earliest shallow emplacement of 392 

exhumed units at ~25 Ma (Figure 5, 6). These characteristics agree with long-lived 393 

metamorphism with cold P-T gradients culminating in high-grade peak metamorphic 394 

conditions by ~27-19 Ma (Goscombe et al., 2018) and along-orogen averaged 395 

metamorphic temperatures of 600-650 ˚C. Peak temperatures of 850 ˚C locally found 396 

in the GHCS (Goscombe et al., 2018), are reached only for the fast convergence 397 

models, likely due to an underestimate of the convergence rate prior to ~25 Ma in 398 

our slowing convergence model. 399 

After ~25 Myr, exhumation of deeply buried GHCS units and the forward 400 

migration of strain in the Himalayan front record the transition between fast and slow 401 

convergence styles. Isothermal decompression followed by rapid cooling is 402 

registered throughout much of the GHCS. The timing of the rapid cooling phase 403 

varies but is typically <20 Ma (Searle, 2015). Shallow rock emplacement and cooling 404 

paths can only be reproduced by models with decreasing convergence, supporting 405 

the idea that exhumation is favoured by slowing convergence (Maiti and Mandal, 406 

2021). The extrusion of deep crust resulted in the emplacement of the GHCS 407 

between the STD and the MCT (Godin et al., 2006), leading to inverted metamorphic 408 

isograds above the MCT, in a “hot-on-cold” sequence (Goscombe et al., 2018; 409 

Hunter et al., 2018; Searle, 2015) and right-way-up metamorphic isograds below the 410 

STD (Godin et al., 2006; Searle, 2015) (Figure 8c). This is reproduced in all the 411 

models at high convergence rate (Figure 3 and 6, dashed black line). The transition 412 

reflects the conditions proposed for the GHCS, with high convergence velocity 413 

required to bury rigid crust at the front of the orogen, followed by exhumation driven 414 

by released pressure gradients (Godin et al., 2006; Searle, 2015), here explained by 415 

lowered convergence rates. Our models suggest a complex evolution of these units, 416 

in agreement with inferred post-channel, post-exhumation modifications and the TSS 417 

as protolith for part of the GHCS (see Godin et al., 2006). 418 



In the model’s transitional stage, slowing convergence allows the thermal re-419 

equilibration of the deeply buried cold crust beneath the plateau. The ensuing 420 

warming and weakening of the deep crust and formation of buoyant, low viscosity 421 

crustal diapirs, between ~30 Ma and ~8 Ma (Figure 8c, grey area). This mechanism 422 

is compatible with the late-stage deformation of the original channel beneath the 423 

Tibetan Plateau (Jessup et al., 2006), with the Miocene doming the North Himalayan 424 

Domes (NHD, Jessup et al., 2019). The NHD indicate are interpreted as evidence of 425 

extension concurrent with contraction ongoing elsewhere (Lee et al., 2000) (Figure 426 

8d, grey arrow for contraction, pink arrows for extension). At depth, a low viscosity, 427 

partially molten, extending from the GHCS to the Lhasa Terrane (Nelson et al., 1996; 428 

Unsworth et al., 2005), is inferred from low seismic velocity (Figure 8d, red area). 429 

The ductile flow of this layer (Nelson et al., 1996) may explain the general thinning of 430 

the Lhasa Terrane’s lithosphere highlighted (Figure 1b) and potassic volcanism 431 

between 30 and ~10 Ma (Wang et al., 2014). Thermal relaxation is a key feature of 432 

decreasing convergence models, switching from fast burial of cold crust to slow 433 

burial and heating due to thermal equilibration. Instead, models with a constant 434 

convergence rate attain a stationary equilibrium, which may be relaxed post-435 

orogeny. 436 

 As convergence rates slow the orogeny reaches a new equilibrium. The India-437 

Asia orogeny has widened through the onset of the Himalaya frontal fold-and-thrust 438 

belt above a shallow dipping lithosphere, by ~18 Ma (Figure 8d), then becoming the 439 

primary process accommodating convergence at 12 Ma (DeCelles et al., 2002, 440 

2001). The coeval extension along the STD as the front contracted is a known 441 

feature of the late-stage Himalayan orogeny (Burchfiel et al., 1992), captured by our 442 

models. In the Himalayan front, convergence is currently accommodated along the 443 

Main Frontal Thrust (MFT), at rates of 2 cm yr–1 (Ader et al., 2012). The remainder of 444 

the convergence is likely accommodated through lateral extrusion towards east Asia 445 

and indentation (Liang et al., 2013). The FAT emerges only at slow convergence, 446 

however, at constant slow convergence the FAT remains in the orogeny interior, as it 447 

contracts, whereas for slowing convergence the FAT belt migrates to the orogen’s 448 

front as the orogen interiors extends.  449 

4.2 Speculations on the growing Himalaya and collapsing Tibetan Plateau 450 



The stages of evolution illustrated, from the initial rapid build-up of a plateau 451 

achieved at fast convergence rates, through transition to a final stage of outward 452 

accretion and internal extension, provides a context for interpreting the Himalayan-453 

Tibetan Plateau topography evolution and its current deformation state.  454 

Paleoaltimetry, paleobotanical, magnetostratigraphy, sedimentology, 455 

paleocurrent measurements,40Ar/39Ar dating and fission-track studies show that the 456 

elevation of the Lhasa, Eastern Tibet and northern Qiangtang Terranes increased 457 

from ~1000 m to ~4000 m between ~50 and ~35 Ma (Ding et al., 2022; Wang et al., 458 

2014). Our slowing convergence model supports these estimates, showing that 459 

~80% of the final model topography could have been achieved between 42 and 37 460 

Ma due to crustal thickening (Figure 9a, blue line). A similar outcome is shown in the 461 

fast convergence model (Figure S1), suggesting early thickening is a consequence 462 

of fast convergence. 463 

GPS, seismic and Quaternary strain show current Plateau extension (e.g., 464 

England and Molnar, 2005), behind the compressive Himalayan front, with localised 465 

(tectonic) topographic lowering in the Lhasa Terrane (Zhao et al., 2023). The 466 

lowering of topography is mostly explained by the extension due to the east-ward 467 

Plateau expansion (Clark and Royden, 2000), evidenced by widespread NS-trending 468 

rifts active from 19 Ma onwards (Mitsuishi et al., 2012; Wang et al., 2014). However, 469 

the STD and the granite-gneiss domes in the Tethyan Himalayas indicate a NS 470 

extension event that is older than, possibly contemporaneous, with the EW extension 471 

that formed the rifts (Mitsuishi et al., 2012). Additionally, the component analysis of 472 

current strain rate (Wang and Barbot, 2023) shows convergence-parallel extension 473 

localised in the Lhasa Terrane of comparable magnitude to the perpendicular 474 

extension, then part of the extension may be associated with the orogeny, as in our 475 

model. 476 

Our slowing convergence model reproduces the increase in elevation until the 477 

plateau “collapse” at the same time of the widening and FAT formation (Figure 8a, 478 

blue line). The elevation reaches ~6.5 km, as in the constant velocity models, 479 

keeping a rather constant width (Figure 9a, magenta lines), equivalent to 50% of 480 

today’s plateau width as measured at heights of 3 and 1.5 km. However, with the 481 

forward migration of the deformation to form the frontal FAT after ~18 Ma (Figure 9a, 482 

brown line), the plateau widens and lowers, matching the width and altitude of the 483 

Tibetan plateau today (Figure 9a). This is in agreement with paleobotanical and 484 



geological constraints on eastern Himalayan elevations, which rapidly reached 485 

>3000 m starting 20-18 Ma (Ding et al., 2022), and attained comparable values to 486 

present-day by ~12 Ma (Wang et al., 2014). The altitude drops in the model by 487 

~1500 m between ~18 and ~8 Ma, is comparable to the inferred topographic 488 

lowering of ~1000 m (Wang et al., 2014) in the plateau. The model shows that this 489 

follows the heating and ascent of the deep crust in the channel zone and then as a 490 

dome, as the compression in the interior of the orogen vanishes. This is marked by 491 

an increase in the heat flow in the orogen front (Figure 8b, light green) and a minor 492 

increase in the inner plateau (dark green), as the FAT widens and convergence rates 493 

decrease below ~3 cm yr–1 (brown dashed line). 494 

Models proposed for the Plateau collapse invoked the dissipation of excess 495 

potential energy, relating extension to variations of boundary conditions (Wang et al., 496 

2014, and references therein). Here, the models have shown that indeed the slowing 497 

India-Asia convergence lowers the dynamic support of the elevated edifice, allowing 498 

release of potential energy, lowering altitudes as Tibet undergoes extension. This is 499 

facilitated by heating of the deep crust, while deformation migrates to a fold-and-500 

thrust belt in the Himalayan front. 501 

Figure 8: Evolution of (A) height (blue) of the orogeny, width measured at 3 and 1.5 502 

km height of the wedge (magenta), and the fold-and-thrust belt (FAT, brown) with 503 

respect to the final stage. (B) Maximum heat flow in the orogen front (light green) 504 

and in the plateau domain (dark green), and convergence velocity (brown). 505 

Exhumation coincides with increased heat flow in the orogenic front. 506 



 507 

4.3 Comparison with previous models  508 

The formation of the Himalaya-Tibetan Plateau and its elevation have served as a 509 

paradigm for the understanding of collisional orogeneses (e.g., Ding et al., 2022). 510 

Different models have been proposed for the uplift of Tibet, such as the 511 

underthrusting of Indian lithosphere beneath the Plateau, injection of Indian crust 512 

beneath Tibetan crust, or distributed shortening and partial lateral extrusion (e.g., 513 

Harrison et al., 1992; Willett and Beaumont, 1994 and references therin). Several 514 

studies support the viability of the underthrusting and injection models for southern 515 

Tibet (Ding et al., 2022, and references therein), whereas thickening by distributed 516 

shortening (Houseman and England, 1993), or propagating northward (Tapponnier 517 

et al., 2001), may be acting in the north-eastern Tibet. 518 

 Our models show that the injection of the Indian crust along the Asian Moho is 519 

a viable mechanism that occurs at high convergence velocity and show a 520 

mechanism for subsequent exhumation. In our models ~550 km of incoming crust 521 

can be accommodated beneath the upper plate’s crust, in the early stages, between 522 

~8 and ~20 Myr from the start of the slowing convergence models. This mechanism 523 

operates as postulated by Zhao and Morgan (1987) and Beaumont et al. (2001), and 524 

is here reconciled with subduction dynamics. The switch from injection to 525 

exhumation in our models is due to the balance between injection pressure, due to 526 

the basal shear, and the load of the thickening plateau, then acting  as a buttress, 527 

forcing the return flow to the front (e.g., Warren et al., 2008). Other works have 528 

suggested that exhumation may be driven by changes in relative plate motions. In 529 

these works, exhumation may be favoured by relative trench motions away from the 530 

upper plate (Piccolo et al., 2017; Sizova et al., 2012). However, this constrain is 531 

relaxed if the decreasing convergence is considered, showing orogeny late-stage 532 

extension although the trench is constantly advancing in our model. Other models 533 

invoke the onset of localised erosion along the Himalayan front, to drive the frontal 534 

crust exhumation (Beaumont et al., 2001). As said, this is likely driven by the 535 

pressure balance, while additional models (Figure s2) show that this process occurs 536 

even in the absence of erosion. 537 



Here, the same crustal rheology is used across the margin to emphasise the 538 

role of convergence rate, controlling the crustal effective viscosity. Previous works, 539 

assuming constant convergence rate, have advocated for viscosity contrast to 540 

explain deep burial (e.g., Piccolo et al., 2017) and flow (e.g., Royden, 1997). Our 541 

results show that a range of end-members, from pure-shear thickening to 542 

exhumation, flow and underthrusting, may be explained by the rocks’ shear rate-543 

dependent weakening (e.g., Knight et al., 2021), therefore invoking pre-collisional 544 

viscosity contrasts may be unwarranted. Other works showed that the viscosity 545 

contrast between downgoing and upper plate’s crust, may limit the expansion of the 546 

orogen towards the upper plate (Chen et al., 2017; Li et al., 2016). Indeed, this may 547 

critically depend on the varying properties of the wide Asian lithosphere (Kelly et al., 548 

2019), which are not addressed here. 549 

At depth, the delamination of part of the Asian lithosphere has been invoked 550 

to explain the Miocene volcanism and southern Plateau uplift. Published models 551 

propose the advance of the subducting Indian lithosphere driving thickening of the 552 

weaker Asian lithosphere beyond stability (Kelly et al., 2019; Li et al., 2016), and the 553 

replacement in the early stages by Indian rocks beneath Tibet (Liu et al., 2023). Our 554 

models show a range of similar mechanisms, from the complete underthrusting of 555 

Asia by Indian lithosphere forcing Lhasa Terrane’s lithosphere delamination, during 556 

fast convergence, to no delamination in the slow models. However, in our models 557 

this occurs as a late-stage feature, in agreement with Kelly et al. (2019), and Li et al. 558 

(2016). In summary, our models reproduce these boundary conditions and suggest 559 

that the role of convergence rate deceleration fundamentally controls the evolution of 560 

the orogeny and that the role of the rheology difference between the Indian and 561 

Asian crust may be overstated. 562 

5. CONCLUSIONS 563 

A known feature of the Himalayan-Tibetan orogeny is the long-lasting decreasing 564 

rate of convergence, as the ocean closed, and continents collided. Here, a thermo-565 

mechanical model is used to address the impact of decreasing convergence in the 566 

structuring of orogenies by comparing them to similar models with constant 567 

convergence velocity. The models show that the evolution of resulting from 568 

decreasing convergence velocity is remarkably different from an orogeny achieved at 569 



constant rates. At high constant convergence rates, the subducting crust is buried 570 

and then injected as a channel along the Moho of the upper plate crust causing uplift 571 

of the overriding crust with little internal deformation. The buried and injected crust is 572 

then exhumed to the front of the orogeny. At low constant convergence rates, folding 573 

and faulting are the dominant structural styles, yet neither exhumation nor channel 574 

flow occurs. In contrast, for a decreasing convergence rate the structures formed 575 

early are similar to those of fast convergence but these are abandoned or 576 

overprinted, as convergence rate decreases. This is achieved during a transient 577 

phase that moves the system towards a new orogenic equilibrium. Slowing 578 

convergence decreases basal shearing and compression, allowing thermal re-579 

equilibration and flow. This triggers a widening of the orogeny giving rise to a fold-580 

and-thrust belt at the front of the orogeny, while leading to the “collapse” of the 581 

plateau, reflected by a decrease in topography. Decreasing convergence models 582 

reproduce the fast early growth of the Tibetan Plateau, its transient destabilisation 583 

and late-stage collapse, behind an expanding Himalayan fold-and-thrust belt. 584 

  585 
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Supplementary Material 856 

1. Appendix A: Model setup 857 

a. Geodynamic model 858 

The 2D model is designed to simulate continental collision (Figure 2a). The 859 

model has a length (x) of 1792 km and a height (y) of 224 km. The grid is 860 

uniformly spaced at 1024 x 128 nodes, producing a grid resolution of 1.75 km, 861 

with 20 particles per cell to track material properties. Timesteps are determined 862 

by using (half of) the Courant–Friedrichs–Lewy (CFL) condition. A cell width of 863 

1.75 km results in timesteps of ~44,000 years for a convergence velocity of 2 cm 864 

yr-1 and ~8,750 years at a convergence velocity of 10 cm yr-1. In the fast to slow 865 

models, the timestep duration increases as the convergence velocity decreases. 866 

The viscous rheology of the crust varies, with a quartzite rheology used for 867 

crust A and B, while a diabase rheology is used for crust C (supplementary table 868 

1). The friction coefficient is kept constant for the different crustal blocks (fc = 0.3, 869 

supplementary table 1). A 45° dipping weak zone within the mantle lithosphere (x 870 

= 650 km) is included within the lithosphere, representing a pre-existing suture 871 

(Vogt et al., 2017). The weak zone has a wet olivine rheology and low friction 872 

coefficient (0.1), whilst the surrounding lithospheric mantle (LM) has a dry olivine 873 

rheology and high friction coefficient (0.6), presented in supplementary table 1. 874 

The pre-existing weakness is included within the lithospheric mantle to introduce 875 

a rheological heterogeneity that facilitates lithospheric subduction and localises 876 

deformation in the crust above (Burg and Gerya, 2005; Knight et al., 2021; Vogt 877 

et al., 2017; Willingshofer et al., 2013).  878 

A constant temperature (T = 0 °C) is applied to the top boundary, with no heat 879 

flux across the side walls. The initial internal temperature distribution follows a 880 

geothermal gradient of 25 °C km-1 for the first 10 km and then 12 °C km-1 until a 881 

temperature of 1300 °C is reached at the lithosphere-asthenosphere boundary 882 

(LAB) at a depth of 97.5 km. We neglect adiabatic gradients and keep the 883 

underlying mantle at 1300 ˚C. The temperature is unconstrained on the bottom 884 

boundary to allow the temperature to evolve freely as the lithosphere subducts. 885 

The model uses a no-slip condition on the right (vx, vy = 0) boundary and a free-886 

slip condition on the top (vy = 0) boundary. The bottom boundary is 887 



unconstrained, allowing for inflow and outflow of material, implying the model 888 

overlies an infinite half-space with an inviscid fluid (Gerya, 2009). The 889 

convergence velocity is applied on the left side wall across the crust and mantle 890 

lithosphere. Below the lithosphere (y < - 97.5 km), the velocity linearly decreases 891 

from the convergence velocity at base of the lithosphere to zero at the bottom of 892 

the left wall. Above the crust, an inflow/outflow boundary is set across the sticky 893 

air layer (y > 0 km) to allow topography to develop. 894 

Supplementary table 1: Initial material properties used for the visco-plastic rheology. ρ0 is the density at the surface. A is the 895 

pre-exponential factor, n, is the stress exponent, E is the activation energy, fc is the friction coefficient, C is the cohesion at the 896 

surface, α is the coefficient of thermal expansion and Hr is the internal heating rate. 897 

Material Sediment Crust A & B Crust C Mantle Weak Zone 

Rheology Quartzitea Quartzitea Diabasea Olivineb Wet Olivineb 

Deformation 

mechanism 

Dislocation Dislocation Dislocation Dislocation Diffusion Dislocation Diffusion 

Strength 

factor () 

0.5 1 1 1 1 1 1 

A (MPa-n s-1) 6.7×10-6 6.7×10-6 2.0×10-4 1.1×105 1.5×109 1.6×103 2.5×107 

n 2.4 2.4 3.4 3.5 1.0 3.5 1.0 

E (J mol-1) 1.56×105 1.56×105 2.60×105 5.30×105 3.75×105 5.20×105 3.75×105 

V (m3 mol-1) 0 0 0 6.0×10-6 6.0×10-6 2.3×10-5 1.0×10-5 

C, Cw (MPa) 10, 1 10, 1 10, 1 10 10, 1 

fc, fc,w 0.2, 0.1 0.3, 0.15 0.3, 0.15 0.6 0.1, 0.05 



0 (kg m-3) 2,500 2,700 2,700 3,300 3,300 

Hr (µW m-3) 2 2 2 0.02 0.02 

 a(Ranalli, 1995) b(Hirth and Kohlstedt, 2003). 898 

b. Surface processes 899 

Linear hillslope diffusion (D) is included in the model, which is the rate at which 900 

variations in topography diffuse over, to simulate erosion and sedimentation at the 901 

crust-air interface of the model. The evolution of the surface topography (ℎ) is 902 

modelled assuming the short-range transport of material as a linear flux (qs) which is 903 

proportional to the surface slope (Avouac, 1993; Culling, 1960): 904 

 
𝑞𝑠 = −𝐷

𝑑ℎ

𝑑𝑥
 

where D is the surface diffusion constant, expressed as a unit area over unit time 905 

(m2 yr-1), that determines the amount of erosion and sedimentation taking place at 906 

the surface and 
𝑑ℎ

𝑑𝑥
 is the vertical height difference between adjacent particles that 907 

track the surface (in unit length, m). As the surface of the model is represented as a 908 

line (1D), the change in surface height over time (
𝑑ℎ

𝑑𝑡
) is reduced to (Gerya, 2009): 909 

 𝑑ℎ

𝑑𝑡
=
𝑑𝑞𝑠
𝑑𝑥

 
 

 910 

 911 

 912 

 913 

2. Appendix B: Additional Figures 914 



 915 

Figure S1: Evolution of the orogen width (top panels) and heat flow (bottom panels) of each model over time. A) Fast model 916 

(10 cm yr-1), B) model (2 cm yr-1) and C) fast to slow (decelerating) model (10 – 2 cm yr-1). The fast (A) and fast to slow (C) 917 

models show a general cooling trend of the plateau due to crustal thickening and cooling of the crust in that region, whilst the 918 

at the front of the plateau undergoes a major heating event due to return flow at the front of the orogen. The slow model (B) 919 

shows a cooling trend in both the orogen and plateau throughout the evolution of the model due to slow thickening of the 920 

crust and thermal diffusion. 921 

 922 

Figure S2: Comparison of the fast to slow model A) with (D = 150 m2 yr-1 - DV10-2) and B) without (D = 0 m2 yr-1 - DV10-2_D0) 923 

sedimentation and erosion after 2000 km of convergence over 50 Myr. All major structural features are present in both models, 924 

with some small variations due to the redistribution of material through sedimentation and erosion in (A).  925 

1. Appendix C: Models run 926 

2. Supplementary table 2: List of all models tested. Model name, total time, velocity boundary condition, surface 927 

processes, internal heating rates (of the crust) and crustal density. The behaviour of the 3 end-member models 928 

(green) is consistent with all the model tested. 929 

Model name Total 

model 

time [Myr] 

Velocity condition 

[cm
 
yr

-1
] 

Surface 

diffusivity 

(D) 

[m
2 

yr
-1

] 

Internal 

heating rate 

(Hr) 

[W m
-3

] 

Crustal density 

(0) 

[kg m
-3

] 



CV10 20 Constant- 10 150 2 2700 

CV10_2800 20 Constant- 10 150 2 2800 

CV10_2900 20 Constant- 10 150 2 2900 

CV10_D0 20 Constant- 10 0 2 2700 

CV10_D300 20 Constant- 10 300 2 2700 

CV10_1Hr 20 Constant- 10 150 1 2700 

CV2 100 Constant- 10 150 2 2700 

CV2_2800 100 Constant- 10 150 2 2800 

CV2_2900 100 Constant- 10 150 2 2900 

CV2_D0 100 Constant- 10 0 2 2700 

CV2_D300 100 Constant- 10 300 2 2700 

CV2_1Hr 100 Constant- 10 150 1 2700 

DV10-2 50 Decreasing- 10 to 2 150 2 2700 

DV10-2_2800 50 Decreasing- 10 to 2 150 2 2800 

DV10-2_2900 50 Decreasing- 10 to 2 150 2 2900 

DV10-2_D0 50 Decreasing- 10 to 2 0 2 2700 

DV10-2_D300 50 Decreasing- 10 to 2 300 2 2700 

DV10-2_1Hr 50 Decreasing- 10 to 2 150 1 2700 
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