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The supporting information provides additional details on the methods (Text S1 and S2), the dynamic modelling results for the individual tomographic models used in our ensemble (Text S3), and the robustness of the results with respect to the second-order variations in the viscosity and density for the mean model presented in the main text (Text S4). 
Text S1: Anharmonic seismic velocities and correction for anelasticity and melts

Anharmonic shear-wave velocities from the bulk rock major oxide composition of the mantle (Table S1) are computed using a module of LitMod2D_2.0 called Generator (Afonso et al., 2008; Kumar et al., 2020) that uses Perple_X (Connolly, 2005, 2009) for Gibbs free-energy minimization. More information about the solution models and thermodynamic database can be found in Afonso et al., 2008 and Afonso & Zlotnik, 2011. Anharmonic shear-wave velocities are corrected for anelastic effects according to Equations 1 and 2 using the parameters derived from laboratory experiments on dry olivine polycrystalline rocks (Jackson & Faul, 2010): 





where VSo(T, P) is the anharmonic shear-wave velocity at a given temperature and pressure, A = 816 is the pre-exponential factor,  = 0.36 is the frequency dependence factor, E = 293 kJ/mol is the activation energy, V = 1.2 x 10-5 m3/mol is the activation volume, R  is the universal gas constant, d  is the grain size in mm, and To is the oscillation period in seconds. 

Table S1. Major oxide compositions (weight%) in the mantle.
	Name
	SiO2
	Al2O3
	FeO
	MgO
	CaO
	Na2O

	PUM
	45.0
	4.5
	8.1
	37.8
	3.6
	0.36

	DMM
	44.7
	3.98
	8.18
	38.73
	3.17
	0.13

	DMM-7km
	44.43
	2.97
	8.23
	40.78
	2.70
	0.045

	Tc_1
	44.5
	3.5
	8.0
	39.8
	3.1
	0.24



PUM: PUM, McDonough & Sun, 1995); Tc_1: Average Garnet Tecton (Griffin et al., 2009); DMM: depleted-mid-oceanic-ridge-basalt-mantle (Workman & Hart, 2005); DMM-7km: DMM after ~7% fractional melting (Kumar et al., 2021).

Effects of partial melts, which are important at shallow mantle depths (Figure S1c), are incorporated by computing an indicative measure of melt fractions using empirical dry-peridotite solidus () and liquidus (), both in °C, as a function of pressure () in GPa after Afonso et al., 2016; Hirschmann, 2000; Winter, 2010 as:






The indicative melt fraction, , at a given temperature and pressure is calculated as:





where  is the temperature at which anharmonic shear-wave velocities are calculated from Gibbs-free energy minimization. Shear-wave velocities are corrected for the effects of partial melts using the empirical relation   ,such that per percentage of melt fraction decreases shear-wave velocities by 5.3 % (Afonso, Moorkamp, et al., 2016; Hammond & Humphreys, 2000).

Tests show that converted temperatures do not change significantly for fertile or depleted compositions than DMM (Figure S1a). However, converted temperatures in the mantle (up to 250 km depth) increase with grain size, showing ~8% increase in temperature for a grain size change from 1 mm to 20 mm (Figure S1b). In this study,  we use a constant grain size of 10 mm and an oscillation period of 75 s, since they best fit the global seismic attenuation models (see Kumar et al., 2020).  

Text S2: Conservation of momentum and mass

Using a continuum mechanics approximation and assuming incompressibility, conservation of momentum and mass can be written as:

 

where i, j  represent spatial directions following the Einstein summation convention,  is the total stress tensor where  is the pressure and  is the deviatoric stress tensor,  is the phase density,  is gravitational acceleration,  is the velocity, and  is the spatial coordinate. Under the assumption of secondary creep, the deviatoric stress tensor and solid velocities are related via an effective viscosity parameter as:


where  is the Newtonian viscosity, considered constant for each phase in this study, and  is the deviatoric strain rate tensor.

Equations  are numerically solved in LaMEM (Kaus et al., 2016), using 3D finite-difference staggered grid with a marker-in-cell technique and solvers from PETSc library (Balay et al., 2015). In each grid cell, 3×3 markers are used for defining the phases, which are advected using the Lagrangian particle-in-cell method to track the distinct material domains as they undergo deformation due to the creeping flow. We use sticky-air approach to model the free-surface at 0 km with a light and low viscosity 20 km thick layer on top (Crameri et al., 2012; Kaus et al., 2010).
	
Text S3: Modelling results for individual tomography models considered in the statistical ensemble

Inferred slab geometries for individual tomography models range from completely attached slabs in the Alps, EU60 model (Figure S4), to locally attached slabs in Alps and Northern Apennines (CSEM, MeRe2020, and SL2013; Figure S4). LAB depth is also variable among tomography models. SL2013 model shows a thin lithosphere in the Alps and Northern Apennines. Modelled topography and vertical velocities also vary among individual tomography models (Figure S4). SL2013 model resembles mean-std model in terms of modelled topography and velocities, however the flow at the surface and in the mantle is different because of the deeper slab in the mantle (Figures S4, S6 and S7). Both, CSEM and MeRe2020 models produce high topography and uplift in the Central and Eastern Alps because of the almost detached slabs. Differences are observed in the Western Alps where in case of the CSEM model there is a low topographic relief and minor subsidence due to an attached slab that continues from the Northern Apennines into the Alps. In the MeRe2020 model subsidence in the Po Basin is limited to the south by uplift in the Northern Apennines because of the east shifted position of attached slab compared to the CSEM and EU60 models. EU60 model, similar to the mean+std model, produces low topography in the Alps in comparison to the other tomography models and an overall subsidence in the Northern Apennines and Po Basin and beneath the Alps in the north. This is because of the attached slab in EU60 model, similar to what envisaged in the mean+std model.

[bookmark: _GoBack]In our model configuration surface and mantle flow is controlled to a first order by the volume and position of the slabs (Figure S7). Surface velocities are higher for the CSEM and EU60 models because of a higher volume of attached slabs in comparison to MeRe2020 and SL2013 models. In all the models, we observe a rotation in the mantle flow around the Western Alps. For the MeRe2020 and SL2013 models, rotation in the mantle flow in Western Alps is less pronounced compared to the other models due to only a limited attached slabs in the Northern Apennines. Enhanced orogen sub-parallel mantle flow in the Central and Eastern Alps is observed for models where slabs are not attached to the overlying lithosphere (CSEM, MeRe2020).                            
Text S4: Sensitivity analysis of second-order variations in viscosity and density

Sensitivity analysis - viscosity configuration

 To understand to which degree variations in the viscosity configuration influence the results presented in the main text, we carried out a systematic sensitivity study in which we varied the viscosity architecture for the mean model (Figure S9). A weaker lower crust with respect to the upper crust and the lithospheric mantle does not change the modelling outcomes to first-order. Subsidence in the Po Basin extends into the Central and Eastern Alps (Figure S9d). Decreasing the viscosity contrast between the upper and lower crust leads to an increase in the uplift in the Alps and subsidence in the Po Basin. However, these subsiding areas only extend into the Western and Central Alps transition (Figure S9f). A lithospheric mantle which is weaker than the crust, results in an uplift in the Northern Apennines and lowers uplift in the Alps (Figure S9h). Despite induced changes from second-order variations in the lithosphere viscosity, none of the model realizations can reproduce the pattern observed in the horizontal GNSS data (Figure S10). Viscosity contrast across the LAB also does not change the first-order pattern in terms of modelled topography and uplift in the Alps (Figure S11). However, velocities at the surface and in the mantle decrease in magnitude when the viscosity of the asthenosphere is increased, resulting in only a minor uplift in the Northern Apennines (Figures S11 and S12). 

Sensitivity analysis - density configuration

 Since buoyancy is the main driving force in our models, we further tested the sensitivity of the modelling results to the input values for the mantle (lithospheric mantle and the slabs) densities. Decreasing the density contrast between the slabs and asthenosphere does not significantly change the pattern of uplift and topography in the Alps, though it results in higher topography (Figure S13). In the Northern Apennines, modelled vertical velocities increase by decreasing the density of slabs. In addition, decreasing density of the slabs also results in higher topography due to a reduced negative buoyancy of the attached slab in the Northern Apennines (Figures S13). Decreasing the lithospheric mantle density with respect to the slabs results in uplift in the Po Basin and Northern Apennines (Figure S14) and increases the overall topography.



Supplementary Figures
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[bookmark: _Hlk97548656]Figure S1: Effect of a) composition, b) grain size, and c) melt on the converted temperature. 1D depth distribution of seismic velocities over Northern Apennines is extracted from the mean model. In a) end-member compositions (Table S1) for the mantle ranging from the most fertile, PUM to depleted composition, Tc_1 representative of the phanerozoic lithosphere are considered. Two intermediate compositions DMM and DMM-7km that represent oceanic lithosphere, are also considered. Composition does not affect the shear-velocity converted temperature significantly. However, converted temperatures increase with the grain size in the upper part of the mantle (up to 250 km). In c), we show the converted temperature when considering the effect of anelasticity (with a grain size of 10 mm) and melts separately. Melts only affect the temperatures at the shallow mantle depths, whereas anelasticity affects up to ~250 km depth.   
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Figure S2: Time evolution of the topography for the a) mean-std, b) mean, and c) mean+std models along E-W cross-section, indicated in the inset, through the Alps. Lower panel shows topography evolution along S-N cross-section, indicated in the inset, through the Alps and Northern Apennines. Topography is color-coded by age shown in the color bar. The blue line represents topography at the time (~0.27 Ma) which is taken as a quasi-isostatic state.
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Figure S3: Estimate of the contribution of the attached slabs to the topography (a and b) and vertical velocities (c and d) for the mean and mean+std models, respectively. These effects are calculated by taking the difference between the modelled topography and velocities for the models with the slabs and without the slabs (i.e., slabs below 200 km depth are replaced by the asthenosphere). Note the magnitudes in the color scale. 
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Figure S4: Geometry of the slabs in upper-mantle (a-d) and LAB depth (e-h) inferred for CSEM, MeRe2020, EU60, and SL2013 tomography models from the conversion of shear-wave velocities to temperature. Slabs are visualized depth wise by color-coded dashed contours of 1300 oC isotherm at 180 km, 220 km and 260 km depths.
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Figure S5: Differences in the seismic velocities and corresponding converted temperatures. The upper panel (a-d) show absolute shear-wave velocities at 200 km depth corresponding to the used tomography models. Converted temperatures for each model at 200 km depth are plotted in the lower panel (e-h). Note that the color scale for both the velocities and temperatures are the same in all the plots.
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Figure S6: Modelled topography and vertical velocities at 10 km depth for CSEM (a and b), MeRe2020 (c and d), EU60 (e and f), and SL2013 (g and h) tomography models, respectively.
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Figure S7: Horizontal velocities flow at the surface plotted as arrows scaled and color-coded by velocity magnitude and in the asthenosphere at 220 km plotted as green lines scaled by velocity magnitude for CSEM (a and b), MeRe2020 (c and d), EU60 (e and f), and SL2013 (g and h) tomography models, respectively.
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Figure S8: Horizontal velocities flow at the surface for the a) mean-std, b) mean and c) mean+std models. Velocities are plotted as arrows, color-coded by the velocity magnitude.  
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Figure S9: Effect of lithospheric viscosity structure on the modelled topography and modelled vertical velocities at 10 km depth for the mean model. a) and b) show the topography and velocities where the entire lithosphere has a viscosity of 1022  Pa‧s, same as in Figure 5a and g. While changing the viscosity structure in the crust, sediments are considered to be part of the upper crust keeping their density. In c) and d) viscosity of the lower crust is decreased by a factor of 100. In e) and f), upper-crust viscosity is decreased by a factor of 10 while keeping the viscosity in the rest of the layers the same as in c) and d). In g) and h), the lithospheric mantle is made relatively weaker with a viscosity of 1e21 Pa‧s compared to the stronger lower and upper-crust with a viscosity of 0.5x1022  Pa‧s and 1022  Pa‧s, respectively.
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Figure S10: Effect of lithospheric viscosity on the surface and mantle flow. a) and b) show the horizontal velocities at the surface and in the asthenosphere at 220 km depth, where the entire lithosphere has a viscosity of 1022 Pa‧s. In c) and d) viscosity of the lower crust is decreased by a factor of 100. In e) and f), upper-crust viscosity is decreased by a factor of 10 while keeping the viscosity in the rest of the layers the same as in c) and d). In g) and h), the lithospheric mantle is relatively weaker with a viscosity of 1021 Pa‧s compared to the stronger lower and upper-crust with a viscosity of 0.5x1022 Pa‧s and 1022 Pa‧s, respectively. 
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Figure S11: Effect of asthenosphere viscosity on the modelled topography (upper panel) and vertical velocities at 10 km depth (lower panel) for the mean model. Viscosity (Pa‧s) of the asthenosphere increases from left to right while that of the lithosphere is kept constant at 1022 Pa‧s.
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Figure S12: Effect of asthenosphere viscosity on the modelled horizontal surface velocities (upper panel) and flow in the asthenosphere (lower panel) for the mean model. Viscosity (Pa‧s) of the asthenosphere increases from left to right while that of the lithosphere is kept constant at 1022 Pa‧s.
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Figure S13: Effect of density contrast between slabs and asthenosphere on the modelled topography (upper panel) and the modelled vertical velocities at 10 km depth (lower panel) for the mean model. Density and viscosity of the asthenosphere are kept constant at 3300 kg/m3 and 1020 Pa‧s, respectively. Viscosity of the lithosphere and the slabs is kept constant at 1022 Pa‧s while the density is increased with respect to the asthenosphere by the amount indicated at the top of the upper panel. 
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Figure S14: Effect of density contrast between the lithospheric mantle and slabs on the modelled topography (upper panel) and the modelled vertical velocities at 10 km depth (lower panel) for the mean model. Density and viscosity of the asthenosphere are kept constant at 3300 kg/m3 and 1020 Pa‧s, respectively. Viscosity of the lithosphere and the slabs is kept constant at 1022 Pa‧s while the density of the lithospheric mantle is decreased with respect to the slabs (3370 kg/m3) by the amount indicated at the top of the upper panel.
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