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When continents collide, the arrival of positively buoyant continental crust slows down subduction. This collision often leads to the detachment of earlier subducted oceanic lithosphere, which changes the subsequent dynamics of the orogenic system. Recent studies of continental collision infer that the remaining slab may drive convergence through slab roll-back even after detachment. Here we use two-dimensional visco-elasto-plastic thermo-mechanical models to explore the conditions for post-collisional slab steepening versus shallowing by quantifying the dynamics of continental collision for a wide range of parameters. We monitor the evolution of horizontal mantle drag beneath the overriding plate and vertical slab pull to show that these forces have similar magnitudes and interact continuously with each other. We do not observe slab rollback or steepening after slab detachment within our investigated parameter space. Instead, we observe a two-stage elastic and viscous slab rebound process lasting tens of millions of years, which is associated with slab unbending and eduction that together generate orogenic widening and trench shift towards the foreland. Our parametric studies show that the initial length of the oceanic plate and the stratified lithospheric rheology exert a key control on the orogenic evolution. When correlated with previous studies our results suggest that post-detachment slab rollback may only be possible when minor amounts of continental crust subduct. Among the wide variety of natural scenarios, our modelling applies best to the evolution of the Central European Alps. Furthermore, the mantle drag force may play a more important role in continental dynamics than previously thought. Finally, our study illustrates that dynamic analysis is a useful quantitative framework that also intuitively explains observed model kinematics.
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1 INTRODUCTION
1.1 Background
Zones of continental collision are impressive agents of plate tectonics on Earth (Dewey and Bird, 1970; Doglioni et al., 2007; Jolivet et al., 2018). Understanding the formation, evolution and dynamics of collisional orogens is important, for instance because they are often the only record of the subduction history (e.g. Celaˆl Şengör, 1990). In a societal context, a better understanding of the processes involved in continental collision allows for a better assessment of natural hazards, including those associated with seismicity (Hubbard et al., 2016; Dal Zilio et al., 2018; Michel et al., 2021).
Based on a wealth of geological and geophysical data from natural examples, many processes and parameters involved in continental collision have been studied through both analogue and numerical modelling. For example, the degree of rheological coupling between crust and mantle influences the geometry and strain partitioning within collisional orogens (Ellis, 1996; Royden, 1996; Brun, 2002; Erdős et al., 2021), while the lateral decoupling across the plate interface determines where active deformation occurs (Faccenda et al., 2009; Willingshofer and Sokoutis, 2009; Luth et al., 2010; Willingshofer et al., 2013). Lateral contrasts in crustal strength at the onset of collision also influence orogen geometry, strain partitioning and deformation style (Liao and Gerya, 2017; Vogt et al., 2017; Vogt et al., 2018). However, these studies often use constant kinematic boundary conditions which might complicate explaining the kinematics of the system. For this reason, the dynamics (i.e., relative importance of driving forces) of collisional systems are less understood. Although the dynamics of subduction and slab detachment in a collisional context have been addressed by a large number of researchers (e.g. Baumann et al., 2010; Duretz et al., 2012; Duretz and Gerya, 2013; Schellart and Moresi, 2013), few studies quantify internal forces in their models (Dal Zilio et al., 2020; Candioti et al., 2021; Suchoy et al., 2021).
1.2 Slab rollback orogeny model and the Central Alps
Building on the inspirational work of Argand (1916), the Central Alps are traditionally considered as a classical collisional orogen where plate convergence is accommodated by the formation of a double-vergent orogen, in response to “head on” collision of the European downgoing plate with the Adriatic overriding plate (e.g. Schmid et al., 1996). In contrast, orogens that are controlled by subduction processes and associated slab dynamics and mantle flow display one single vergence, as well documented in the Mediterranean realm (e.g. Jolivet et al., 2003; Matenco et al., 2010; Faccenna et al., 2014; Van Hinsbergen et al., 2020; Király et al., 2021) and in the Andes, the classic subduction orogen (e.g. Barazangi and Isacks, 1979). Recently, Schlunegger and Kissling (2015) and Kissling and Schlunegger (2018) developed a new conceptual model for orogenesis in the Central Alps, referred to as the “slab rollback orogeny model (SRO)”. The SRO model assigns a prominent role to the vertical pull of the European slab during collision.
In particular, the SRO model emphasises the role of vertical forces in continental collision by distinguishing between three distinct stages (Figure 1). First, negatively buoyant oceanic lithosphere subducts beneath a continental plate. As subduction progresses, the slab pull force builds up, driven by increasing volumes of cold oceanic lithosphere, whose density exceeds that of the hotter surrounding mantle. The second stage starts with the arrival of continental crust at the subduction zone (Figure 1B). As the positively buoyant continental crust subducts, the net slab pull force decreases, and consequently subduction slows down and may ultimately stop. This gives the slab time to interact with the surrounding asthenosphere, allowing intra-slab tensional stresses to build up. Eventually the slab detaches and sinks deeper into the mantle. Slab detachment marks the start of the final, third stage (Figure 1C). The SRO model proposes that after slab detachment the remaining slab still provides enough slab pull to drive convergence between the continental plates, as inferred for the Central Alps (Schlunegger and Kissling, 2015; Kissling and Schlunegger, 2018; Dal Zilio et al., 2020). This assumption is based on a number of observations in the Central Alps, primarily the isostatic disequilibrium between an exceptionally thick crustal root of ∼60 km and a local, low mean surface elevation in the order of 2 km (Kissling, 1993). In fact, the thick crust would require twice the observed mean surface topography (Schlunegger and Kissling, 2015).
[image: Figure 1]FIGURE 1 | Conceptual illustration of the three stages of the slab rollback orogeny model, that is: (A) oceanic subduction, formation of an accretionary wedge. (B) Continental subduction, subduction slowdown ultimately leading to slab detachment. (C) Slab detachment followed by slab rebound, post-collisional slab rollback, and trench shift towards the foreland. General mantle flow patterns are drawn in red. Arrows are not to scale. Symbols: Fsp: slab pull, Fel: elastic bending resistance, Ftl: topographic gravitational loading, Fbc: buoyancy force of the light crustal root, Fmd: mantle drag beneath the overriding plate.
Key characteristics of the Central Alps further include (Schlunegger and Kissling, 2015; Kissling and Schlunegger, 2018) 1) indentation of Adriatic lower crust into the Central Alps orogenic wedge (Schmid et al., 1996), 2) a highly active retroshear in a double-vergent orogenic wedge, resulting in strong retrograde metamorphism, 3) subduction of Eurasian lower crust (and hence a deep Moho), 4) decoupling of the Eurasian upper crust from the lower crust, and 5) an orogenic wedge consisting mostly of upper crustal material. Tomographic images reveal a current position of the (continental) European slab at 100–250 km depth (Lippitsch et al., 2003; Mitterbauer et al., 2011; Sun et al., 2019; Paffrath et al., 2021). Furthermore, focal mechanism analysis shows that the retro-foreland basin of the Central Alps (i.e., the Po Basin) is under compression (Deichmann, 1992; Di Bucci and Angeloni, 2013; Singer et al., 2014). Finally, GPS measurements show that Adria (Africa) is still moving towards Europe at low rates of ∼ 2–5 mm/yr (Calais et al., 2002; D’Agostino et al., 2008; Métois et al., 2015), which is much less than the ∼7.9 mm/yr average advance rate for the Cenozoic as calculated from tectonic reconstructions (Dewey et al., 1989; Schmid et al., 1996; Handy et al., 2010). The subduction hinge is estimated to have retreated away from the Eurasian plate at ∼ 20 mm/yr in the Paleocene, and ∼10 mm/yr in the Eocene (Pfiffner, 2016).
1.3 Present work
Here we aim to assess the role and relative importance of vertical slab pull and horizontal mantle drag beneath the overriding plate. While slab pull may dominate in early stages, the question is whether the portion of a slab remaining after detachment is able to sustain convergence, or that mantle drag is an important driver of plate motions (Conrad and Lithgow-Bertelloni, 2002; Alvarez, 2010; Faccenna et al., 2013; Sternai et al., 2016; Jolivet et al., 2018). The post-collisional slab dynamics suggested by the SRO model remains not well understood, because the remaining slab is mostly continental and therefore positively buoyant. However, if some oceanic lithosphere is still attached, the net buoyancy might be enough to drive slab rollback or steepening. The idea is intriguing and requires more detailed investigation under a wide range of parameters. To analyse this problem, we run and analyse 2D thermomechanical visco-elasto-plastic lithospheric-scale numerical simulations of dynamic continental collision. We quantify the slab pull and mantle drag forces over time to assess the dynamics of continental collision in the context of the SRO model. The quantification method and accompanying post-processing scripts are described in Appendix A and available on GitHub. Our numerical simulations and the associated parametric studies target a number of critical variables and processes that are analysed in more details, such as the initial ocean length, Peierls creep, and lithospheric mantle friction.
2 METHODS
2.1 Numerical methods
The simulation results were obtained using the widely used 2D geodynamic code I2ELVIS (Gerya and Yuen, 2007) with inertia activated, i.e. the seismo-thermo-mechanical version (van Dinther et al., 2013a; van Dinther et al., 2013b; van Dinther et al., 2014). This code solves the conservation of mass, momentum and energy (see Supplementary Material) on a fully staggered, Eulerian grid using a conservative finite difference scheme combined with a Lagrangian marker-in-cell technique (Gerya and Yuen, 2003). The equations are solved under assumption of flow in an incompressible medium and the extended Boussinesq approximation, i.e., only buoyancy-driven changes in density are taken into account, as are the energy contributions of adiabatic, shear, and latent heating (Christensen and Yuen, 1985; Gerya and Yuen, 2003). We refer to Gerya and Yuen (2007) for a more detailed description of the code.
2.2 Rheology
We assume that the deformation of different lithologies is governed by a visco-elasto-plastic rheology. At every time step and on each Lagrangian marker, time-dependent stress and density are calculated and interpolated to the Eulerian nodes (Gerya, 2019). The total (deviatoric) strain rate is composed of a viscous, an elastic and a plastic component:
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The components are calculated according to (Gerya and Yuen, 2007)
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Here ηeff indicates the effective viscosity (Eq. 8) and G represents the elastic shear modulus, which relates deviatoric stresses (σij′) to (deviatoric) strain rates ([image: image]). The elastic component considers local variability of stress orientation due to rotation of Lagrangian markers through the objective co-rotational stress tensor (Dσij′/Dt). The plastic deviatoric strain rate follows the plastic flow rule (Gerya, 2019). The second invariant of the deviatoric stress tensor is given by [image: image] and the plastic flow potential Gpl is assumed to be equal to σII′. Finally, [image: image] is called the plastic multiplier, which is activated when the Drucker-Prager yield criterion is reached (see Eq. 5).
The plastic yield strength is calculated following 2D Drucker-Prager plasticity and depends on cohesion C, static friction μ, the pore fluid pressure ratio Pf/Ps defined as fluid pressure Pf over solid pressure Ps, and pressure P or mean stress according to
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Viscous deformation (effective viscosity ηeff) incorporates both diffusion and dislocation creep and is given by the harmonic average of both creep mechanisms
[image: image]
where the viscosities defined by different creep mechanisms are given by
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Here, Ad is the pre-exponential factor, n is the stress exponent, and Ea and Va are the activation energy and volume, respectively, and R=8.314 J K−1 mol−1 is the universal gas constant. These parameters are experimentally determined and set for each lithology (Table 1). The threshold stress from diffusion to dislocation creep τtr is set to 30 kPa (Turcotte and Schubert, 2002), which ensures mainly dislocation creep is active. In the case of model peierls (Table 2), Peierls creep is added in series to the calculation of ηeff in (Eq. 8). This plastic deformation mechanism is active in olivine in the lithospheric mantle under high-pressure, low-temperature (HP/LT) conditions (Evans and Goetze, 1979; Katayama and Karato, 2008). It limits the plastic strength of the mantle lithosphere, and is given by
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TABLE 1 | Rheological parameters used for the reference model. All materials have an isobaric heat capacity Cp of 1000 J/(kg K), thermal expansion α=3⋅10–5 K−1 and isothermal compressibility β=10–5 MPa−1 a Ranalli, (1995);b Turcotte and Schubert, (2002);c Rudnick and Fountain, (1995).
[image: Table 1]TABLE 2 | Summary of all tested parameters and their effects with respect to the reference results. The parameters discussed in detail are written in bold. Abbreviations: SVO: single-vergent orogen, qtz: quartzite, sed/UC frictional strength: ratio between brittle strength of sediments over upper continental crust at 10 MPa, LC: lower crust, LM: lithospheric mantle.
[image: Table 2]The experimentally determined values for the material parameter APeierls and the maximum plastic strength σPeierls are 10−4.4 Pa−2s−1 and 9.1 GPa, respectively (Evans and Goetze, 1979). The exponents p and q are shape-and geometry-dependent parameters that are assumed to be 1 and 2 (Dal Zilio et al., 2020).
2.3 Model setup
The 2D numerical experiments were carried out in a 3,000 × 800 km2 domain, resolved using an irregular grid of 1785 × 509 nodes. The maximum horizontal resolution of 500 m is applied between 800 ≤ x < 1,500 km and a medium-resolution zone of 2 km grid spacing is present from 1,500 ≤ x < 1850 km. A 10 km grid spacing is defined in the leftmost (0 < x < 700 km) and rightmost (1900 < x < 3,000 km) domains of the model. The resolution changes gradually between these regions. In the vertical direction, the resolution varies smoothly from 500 m (0 ≤ y ≤ 100 km) via 1 km (103 ≤ y < 300 km) to 5 km (345 ≤ y ≤ 800 km). The temporal resolution in the thermomechanical models is 1 kyr. The side boundaries have free slip boundary conditions, while the lower boundary is open in a similar way as the modelling setups of for instance Faccenda et al. (2008) or Vogt et al. (2018).
The reference model consists of two continents separated by a 610 km long oceanic plate (Figure 2), similar to the setup of Dal Zilio et al. (2020). The continents are composed of 20 km of felsic upper crust and 15 km of strong, mafic granulite lower crust (Table 1). The oceanic crust consists of 2 km of basaltic upper crust and 8 km of gabbroic lower crust. A 20–22 km thick layer of low-density, low-viscosity, “sticky air” is present above the crust. The interface between air and crust is used to automatically calculate topography (Schmeling et al., 2008). Erosion and sedimentation are implemented using an instantaneous approach, i.e., material above a threshold level (10 km in our simulations) is converted into air, and water/air below 2 km depth is converted into layers of sediment. The continental geotherm initially has two linear segments, from 0°C at the surface to 450°C at the Moho, and on to 1,344°C at the lithosphere-asthenosphere boundary. Below this depth, temperature increases with an adiabatic gradient of 0.5°C/km. The oceanic lithosphere follows the temperature profile for a slab age of 70 Ma and a thermal diffusivity of 10−6 m2/s given in the half space cooling model (Turcotte and Schubert, 2002). The lateral boundaries of the model domain are insulating.
[image: Figure 2]FIGURE 2 | Illustration of the setup used in this study showing boundary conditions, lithological stratification and isotherms. Note that the length of the oceanic plate is varied in one of the parameter studies. Initial convergence of 10 cm/yr is applied in the red box around x = 2,300 km until 500 km of convergence has been accommodated. Stress changes are relaxed in the area indicated by the orange box around the push area to avoid artificial stresses. Finally, the initial position of five markers in the downgoing plate, used for pressure, temperature and time tracking are shown with stars.
To initiate subduction and convergence, a semi-dynamic approach (e.g. Duretz et al., 2011; van Dinther et al., 2013b; Dal Zilio et al., 2020) is applied. Such a method consists of an initial or kinematic stage in which convergence is prescribed as a boundary condition to initiate subduction. In the present study, the right continental plate is pushed toward the left at a rate of 10 cm/yr for the first 5 Myr, such that 500 km of convergence has been accommodated at the end of the initial stage (similar to e.g. Duretz et al., 2011). From this point onwards, the geodynamic system is solely driven by internal forces without externally applied kinematic boundary conditions. The high push velocity is justified, because sensitivity tests did not show major differences between 5 and 10 cm/yr. A run at 1.3 cm/yr showed similar model dynamics as well, although eduction (i.e., buoyancy-driven decoupling and flow of continental crust from the downgoing plate, Andersen et al., 1991) is more efficient (Table 2). The viscosity in the push area is increased, and stresses around it are relaxed, to minimise artificial deformation (Figure 2). Furthermore, a low viscosity zone is implemented at the right model boundary to allow the advancing plate to decouple from the lateral boundary. This low-viscosity boundary condition is not applied on the left side of the model box to simulate a fixed downgoing plate, e.g., mimicking a stable downgoing European plate (e.g. Dewey et al., 1989; Torsvik et al., 2012).
3 RESULTS AND ANALYSIS
3.1 Reference model
3.1.1 0–5 Myr stage 1: Kinematic stage
During this first stage (Figure 1A), most of the oceanic lithosphere subducts beneath the overriding plate (Figures 3A,B, Supplementary Movies S1, S2). Sediments that were deposited on the ocean floor during the simulation are scraped off and incorporated into a large accretionary wedge-type structure that developed by predominant foreland-directed thrust imbrication (Figures 3A,B). Furthermore, pop-down structures developed near the trench due to the basal friction between the wedge and the downgoing plate against the rapidly advancing overriding plate, which acts like a back-stop. The slab dip is initially constant, but increases rapidly from 33 to 58° between 4.5 and 5.0 Myr due to a stage of back-thrusting and thickening of the accretionary wedge, which accommodates part of the convergence velocity and decreases the subduction velocity (Supplementary Movies S1, S2). During this kinematic stage, the tracked upper crustal markers are steadily buried (i.e., along a prograde burial path) (Figure 4A).
[image: Figure 3]FIGURE 3 | Four snapshots of the reference model at key stages of its development, showing rock composition and isotherms (100 C, 150 C, 350 C, 450 and 1300 C). In addition, PTt marker positions are shown in the same fashion as in Figure 2 (A,B) During the initial stage, imbricate thrusts develop, as well as pop-down structures. Prescribed oceanic subduction has just been switched off. A single-vergent orogen has developed. (C,D) After continental collision followed by a stage of trench shift towards the foreland, the orogen is now double-vergent. The retroshear and asymmetric retro-foreland basin are indicated. The first signs of upper crustal eduction are visible. (E,F) The oceanic slab has detached, resulting in slab rebound and unbending. The upper crust has almost fully educted from the subduction channel and is now exhuming, pushing the overlying material up and to the sides. [1] and [2] denote the plate boundary and the retro-wedge deformation front, respectively. The trench position is indicated with a blue triangle (G,H) The model has reached a quasi-steady state. The buoyant upper continental crust forms the core of the orogen. Some lower crust has started to exhume along the retroshear as well, but it is too dense to exhume further. No post-detachment slab rollback takes place, but the overriding plate has retreated by ∼60 km at depth [1] and ∼70 km at the surface [2].
[image: Figure 4]FIGURE 4 | Pressure, Temperature, time (PTt) paths of models (A) ref, (B) slowref, (C) oc510, (D) oc410, (E) oc310, (F) LM25, (G) LM50, (H) LM75, (I) LMoc510, and (J) peierls (Table 2). The paths follow five markers initially located at positions x= 900–1,100 km buried >2 km deep in the continental upper crust (initial position in legend). Model oc510 shows a late orogenic heating (LOH). Models that show early and shallow slab detachment show an immature burial-exhumation cycle (LM50, LM75, peierls). PTt paths for models peierls and slowref were extracted after the model run while the others were continuously tracked. Also note the different temperature and pressure axes for model peierls and the different time axis for model slowref.
3.1.2 5–20 Myr stage 2: Collision and trench shift towards the foreland
During slab steepening, significant poloidal mantle flow is generated around the tip of the slab, initiating a counter-clockwise convection cell in the mantle wedge above the slab (Supplementary Figure S1A). Mantle is dragged down with the downgoing plate until flow rises beneath the overriding plate and moves back into the mantle wedge generating corner flow. The vertical gradient of horizontal velocity generates a strong traction beneath the overriding plate, dragging it along. This results in a significant trench-ward drag force beneath the overriding plate (positive mantle drag in Figure 6B). Therefore, the overriding plate advances rapidly as soon as the kinematic boundary condition is released at the end of the first stage. During this advance, the orogenic wedge is emplaced on the subducting continental plate (Figures 3A–D, see also Supplementary Movies S2). The frictional resistance across the pro-shear to this emplacement allows the development of a double-vergent orogenic wedge, characterised by a retroshear separating the pro-wedge from the retro-wedge (Figures 3C,D). In addition, the vertical gradient of horizontal displacement in the overriding plate results in an asymmetric retro-foreland basin. During the emplacement of the orogenic wedge, the slab pull passes its peak magnitude (in the order of −1.6*1014 N/m, Figure 6A). What follows is a period of slow slab area growth coeval with slab heating. This leads to a net weakening of slab pull (Figure 6A), because the decrease in density contrast due to slab heating plays a more important role than the slow increase in area during this period. As a consequence of slow subduction and trench retreat, the mantle drag force beneath the overriding plate slowly decreases as well (Figure 6B). Finally, heating of rocks inside the subduction channel allows the upper continental crust to educt (i.e., decouple and flow upwards) from the subducting, rheologically more heat resistant lower crust. This eduction of upper crust is clearly visible in the PTt path as an onset of retrograde marker motions, i.e., exhumation (Figure 4A).
3.1.3 20–25 Myr stage 3: Slab detachment
Around t ∼ 22.5 Myr, the mantle drag force beneath the overriding plate switches from towards the trench (i.e., positive) to away from the trench (i.e., negative) (Figure 6B). The overriding plate comes to a halt, before moving to the right from t ∼ 23 Myr onwards (Supplementary Movies S2). This is a result of the eduction of the upper crust of the downgoing plate in the subduction channel (Supplementary Figure S1B). The exhuming upper crust accumulates in the core of the orogen, uplifting the overlying wedge units. The orogen then becomes gravitationally unstable and starts to collapse. The previous stage of little active deformation concludes with the onset of gradual slab necking at t ∼ 22.5 Myr (i.e., coinciding with the switch of mantle drag direction). Around t ∼ 25 Myr, the oceanic slab segment detaches from the continental slab segment at a depth of ∼350 km (Figure 3E).
3.1.4 25–56 Myr: Post-detachment
An immediate response of the slab to the decreased slab pull is visible (Figures 5, Figure 6A, see also Supplementary Movies S1): the slab initially unbends relatively rapidly due to elastic rebound. Subsequently, slower viscous unbending is driven by the net positive buoyancy of the slab and continues for at least 30 Myr after detachment (Figures 3E,F, Figure 5, Figure 6A, Supplementary Movies S2). The buoyant rise of the slab squeezes the subduction channel, enhancing decoupling and buoyant flow of the upper crust from the subducting continent (Supplementary Movies S2). This process is often referred to as eduction (sensu Andersen et al., 1991). The educted continental crust is exhumed by shear reversal along the subduction channel and accumulates in the core of the orogen (Figures 3E–H). Some crustal material is still displaced along the retroshear (Figure 3F). The positively buoyant crustal material induces tensional stresses and extension in the central part of the orogenic wedge (Supplementary Figure S1B) above the exhumed crustal material by eduction, resulting in overall orogenic widening. This orogenic widening is associated with both trench retreat (i.e. the trench shifts towards the foreland) and overriding plate retreat, defined as a movement of the plate boundary (denoted by [1]), towards the hinterland (Figures 3E–H). Even though the elastic rebound of the previous stage uplifted the orogen to about 8 km peak elevation (3.4 km averaged from trench to edge of retro-foreland basin, Supplementary Figure S2B), the subsequent post-detachment orogenic widening flattens the peak topography to ∼4 km and the average topography to 2.9 km (Supplementary Figure S1B). Due to the onset of gradual eduction of continental lower crust, the slab pull force becomes negative again around t ∼ 450 Myr (Figure 6A), while the mantle drag experiences a broad, negative peak (Figure 6B) as asthenosphere replaces the educted lower crust. However, the slab pull is not strong enough to induce slab rollback. Instead, the slab remains stable while the overriding plate continues to retreat at rates decaying to <1 mm/yr at t ∼ 55 Myr. No slab rollback is observed, due to the weak slab pull that is countered by a mantle drag away from the trench (Supplementary Movies S1, Figures 3, Figure 6). Instead, the slab remains in a stable position while the trench shifts to the foreland by ∼100 km due to the orogenic widening (Figures 3E–H, Supplementary Figure S2B, Supplementary Movies S2).
[image: Figure 5]FIGURE 5 | Illustration of the post-detachment slab rebound and unbending for the reference model. The slab contours at 1, 10 and 30 Myr after detachment are drawn in red, orange and yellow, respectively. The general slab motion is illustrated with a dashed white arrow.
[image: Figure 6]FIGURE 6 | Temporal evolution of the most important forces in the model, calculated following the procedure outlined in Appendix A (A) Slab pull (top) and slab area (bottom). Peak slab pull is reached around t = 7.0 Myr, but peak slab area is reached right before slab detachment, which is indicated by a jump in both quantities. From 45 Myr onwards, slab pull is around 1012 N/m. (B) Evolution of the mean mantle drag force beneath the overriding plate. Slab pull is drawn for reference. The top panel displays the positive values, while the bottom panel depicts negative values. Positive values represent trenchward mantle drag and upward slab pull, and vice versa for the negative values. Note the log scale on the y axis.
3.2 Parameter studies
3.2.1 Ocean length
Oceanic plate length, like oceanic slab age, directly influences the amount of negatively buoyant material present in the subduction zone, and hence the slab pull magnitude. We ran three models with increasingly shorter oceanic plates compared to the 610 km in the reference model (510 km (model oc510), 410 km (model oc410) and 310 km (model oc310), Table 2).
The subduction and collision dynamics do not change drastically for model oc510 (Figure 7C). Especially stage 1 and 2 are very similar (Supplementary Movies S3, Figures 8A–D). Since continental material enters the subduction zone about 350 kyr earlier, the peak slab pull is reached earlier as well, yet its magnitude is similar (Figures 7A,C, Supplementary Figure S3, −1.45 * 1014 N/m compared to −1.6 * 1014 N/m). In addition, the retroshear forms earlier, facilitating more efficient displacement of crustal rocks from the lubricated subduction channel upwards. This exhumation process decouples part of the overriding upper crust from its corresponding lower crust. As a result, the overriding lower crust can indent the core of the orogen more deeply (Figures 8A–D, Supplementary Movies S3). Slab detachment occurs at t ∼ 24.5 Myr, very similar to the reference model. In the post-detachment stage, the same slab rebound and unbending process occurs as in the reference model. However, the lower crust of the downgoing plate does not start to educt in the final stage (Supplementary Movies S2 and Supplementary Figure S3). The final orogenic geometry resembles the reference model, including the surface topography. The orogen is ∼100 km wider leading to a trench shift towards the foreland of 140 km since detachment while the overriding plate moved towards the retro-foreland (Supplementary Figure S2A,B).
[image: Figure 7]FIGURE 7 | Force quantification figures for the reference model (A), the oceanic length (C,E,G) and lithospheric mantle friction (D,F,H,J) parameter studies, as well as the Peierls creep (B) and slow-collision parameter (I) studies. The moment of push release and that of slab detachment are indicated on each panel. See text for further information. Note the different time axis of model slowref.
[image: Figure 8]FIGURE 8 | Intermediate results of the initial ocean length parameter study (Table 2), showing the differences already present at this stage. Rock composition and isotherms (100 C, 150 C, 350 C, 450 and 1300 C) are displayed and PTt markers are depicted with the usual stars. A 510 km ocean leads to more indentation of the orogen by the overriding lower crust and mantle lithosphere compared to the reference model which has a 610 km long ocean panels (C,D) compared to panels (A,B). A 410 km long ocean leads to earlier slab detachment and a shallower retro-foreland basin. Additionally, the tip of the overriding plate has been folded into an antiformal structure (E,F). When the ocean is even shorter, the plates quickly decouple (G,H).
In models oc410 and oc310) several significant differences in orogenic evolution arise. While kinematically stage 1 is similar to the reference model, the dynamic signature (i.e., force evolution) clearly shows lower and earlier achieved peak slab pull magnitude due to a shorter oceanic slab (Figures 7E,G, Supplementary Figure S3). For such short oceanic plates, convergence is still imposed in these models when the continents collide. This disturbs the dynamic signature, such that mantle drag cannot accelerate the overriding plate. Test runs showed that without continued pushing after 300 km, an initial ocean length of 310 km is not enough to sustain subduction, but 410 km is enough. Nonetheless, for short ocean lengths the accretionary wedge does not evolve into a double-vergent orogenic wedge, since no retroshear develops. There is significantly lower shear resistance at the subduction interface, because almost all the frictionally weak, lubricating oceanic crust (Table 1) subducts (Figures 8E–H). Therefore, the entire upper crustal layer decouples from the downgoing plate and educts, allowing the overriding plate to slide off the weak subduction interface. This happens most strongly in model oc310, where the plates decouple (Figures 8G,H) and slab pull stays negative for the whole simulation (Figure 7G). Despite this, the PTt paths of the tracked upper crustal markers are still remarkably similar to the reference model (Figures 4A,D,E).
In summary, very short (smaller than ∼400 km) oceanic plates tend to produce single-vergent orogens in this setting, while longer plate lengths are more likely to produce double-vergent orogens.
3.2.2 Peierls creep
The activation of Peierls creep weakens the mantle lithosphere of especially the downgoing plate at depth by approximately 30% (Auzemery et al., 2020) by limiting its yield stress. It is also active in the overriding plate (e.g. Duretz et al., 2011), but it has limited effects there. The activation of Peierls creep significantly influences the evolution of the orogen in the peierls model (Table 2), such that it cannot be readily subdivided into the three stages defined in Figure 1. There is no stage 2 (trench shift towards the foreland and slab heating), because the slab detaches much earlier and at shallower depth (t ∼ 6.3 Myr at 120 km depth, Supplementary Movies S4). The reduced maximum yield stress is reached in less time, so necking, tearing, and detachment occur sooner and at shallower depths (Supplementary Figure S4). Therefore, earlier detachment is an expected consequence of the stress limiting (Duretz et al., 2011). In addition, the early, shallow slab detachment leads to a steady decrease in driving force magnitudes (Figure 7B).
After slab detachment, the rapidly subducted slab starts to unbend and educt, uplifting the orogenic wedge. Simultaneously, the overriding plate slowly slides off of the downgoing plate along the lubricated subduction interface. This generates significant extension throughout the orogen, which is largely accommodated by reactivation of the thrust faults in the pro-wedge as normal faults. The normal faults are rotated and tilted to gentler dip angles as extension progresses (Supplementary Movies S4). Extension continues until the end of the simulation at t ∼ 55 Myr.
3.2.3 Lithospheric mantle friction
The frictional strength of the mantle lithosphere is often kept constant in geodynamic modelling studies, even though it makes up a significant portion of the lithosphere and thus of its strength. Our reference model assumes a dry mantle lithosphere (i.e., Pf/ Ps = 0, as suggested in e.g. Yardley and Valley, 1997; Burov, 2011; Massonne, 2016), such that it is effectively 10 times as strong (frictionally) as the continental crust (Table 2). We explore the impact of higher pore fluid pressures (Pf/Ps = 0.25 (model LM25) and 0.50 (model LM50) on continental collision dynamics (Table 2). This leads to effective friction coefficients of 0.42 and 0.24, respectively, which have also been suggested for natural mantle lithosphere (Zhong and Watts, 2013).
In model LM25 the peak forces and force evolution are quite similar to those of the reference model, but with important kinematic differences. The slab detaches 5 Myr later (∼30 vs ∼ 25 Myr, Figures 7A,D, Figure 9), after which the slab pull force remains positive instead of negative (Figures 7D, Figure 9). The frictional strength contrast reduction of 25% along the subduction interface increases the coupling between the downgoing and overriding plates. Moreover, the overriding plate bends more strongly, which initiates a positive feedback between burial and sedimentation, resulting in a deeper, narrower retro-foreland basin (Figures 10B,D, Supplementary Movies S6). Subsequently, the deeper lithospheric mantle scrapes off a large portion of oceanic crust during the kinematic stage, which forms a dense core beneath the orogen (Figure 10D). In turn, this dense orogenic core inhibits deep subduction of the uppermost continental crust, as well as subsequent exhumation of upper/lower continental crust along the retroshear (Figure 4F). The dense ophiolitic core also decouples the upper crust from the lower crust in the overriding plate. The topography does not flatten after detachment (Supplementary Figure S2C), because necking is slower and the elastic response is weaker, hence the uplift and orogenic widening following detachment are only minor.
[image: Figure 9]FIGURE 9 | Temporal evolution of slab pull and slab area for the reference model and varying degrees of frictionally weakened lithospheric mantle (25, 50, 75, and 50% in combination with a 510 km ocean). 50% weakening or more results in slab detachment immediately after the push is stopped. Interestingly, combining 50% weakening with a slightly shorter ocean does not lead to premature slab detachment.
[image: Figure 10]FIGURE 10 | Inter-model comparison of the compositional evolution between models (A,B) ref, (C,D) LM25, (E,F) LM50, and (G,H) LMoc510 during stage 2 (Figure 1), illustrating the key role of lithospheric mantle frictional strength in subduction and collision dynamics. A very weak lithospheric mantle (model LM50) results in premature slab detachment and rifting, but not if combined with a slightly shorter ocean (LMoc510).
In model LM50 the significantly weakened lithospheric mantle results in slab detachment around t ∼ 5.17 Myr, at a depth of ∼50 km (Figure 9, Figure 10E,F) before a mature, double-vergent orogen has formed through a large rupture along the subduction interface, similar as described by Duretz et al. (2011). However, when a 50% weakened lithospheric mantle is combined with a 510 km long initial ocean (i.e., model LMoc510, 100 km shorter than the reference model), the downgoing plate does not detach at shallow levels. Instead, it leads to a significant amount of lower crustal indentation (Figures 10G,H). The slab detaches 5 Myr earlier than in the reference model (Figure 9). Compared to model LM25, the lithospheric mantle of the overriding plate bends more deeply, and part of the overriding plate is downwarped (Figure 10H).
The frictional strength of the lithospheric mantle thus strongly influences the burial-exhumation cycles of the downgoing plate, the timing of slab detachment and the subsequent topographic response. Moreover, reducing the frictional strength reduces the minimum wavelength of deformation in the lithospheric mantle.
3.2.4 Other parameters
The impact of numerous other parameters was explored and key outcomes are summarized (Table 2). Among them, the lower crustal rheology of the overriding plate has a stronger control on orogen geometry than that of the downgoing plate. An intermediate (plagioclase/anorthite 75%, Table 1) to strong (mafic granulite, Table 1) overriding lower crust results in a double-vergent orogen. For the downgoing plate, lower crustal subduction requires an intermediate to strong lower crustal rheology. The ratio between the frictional strength of sediments and that of the upper crust plays an important role during subduction initiation, either resulting in an upward-tilted (promoting single-vergent orogen formation) or downward-tilted (favouring a double-vergent orogen) tip of the overriding plate at the onset of collision (Table 2). A slow collision model (slowref) resulted in full eduction of the upper continental crust before slab detachment (Supplementary Figure S5A, Supplementary Movies S5) and almost full lower crustal eduction following slab detachment, which allows the overriding plate to revert its indented position (Supplementary Figure S5, Supplementary Movies S5). This is accompanied by significant lithospheric eduction (i.e., exhumation of the slab itself) and results in a very narrow, locked subduction interface (Supplementary Figure S5B, Supplementary Movies S5).
Furthermore, the effect of a long overriding plate was investigated with the “reflong” model (Table 2), where the horizontal model domain was increased by 1,000 km to 4,000 km. The overriding plate in this model is ∼2,250 km long instead of ∼1,250 km. During the initial stages of collision, the lithospheric mantle of the longer overriding plate locks the subduction process and the formation of an oceanic suture, preventing further continental subduction (Supplementary Figure S6C,D, Supplementary Movies S7). Therefore, no significant positively buoyant crust enters the subduction zone. The slab detaches at large depth (∼350 km) at around t ∼ 21 Myr, i.e., 4 Myr earlier than in the reference model (Supplementary Movies S1, S7). Due to the lack of positively buoyant material, the large detachment depth, and the subvertical slab position, there is no slab rebound after detachment and the model rapidly reaches a situation where tectonics ceases to be an important driver. This final tectonic quiescence is also reflected in the dynamics (Supplementary Figure S6C,D), which display a large (∼-1014 N/m), negative slab pull and a 3 orders of magnitude weaker mantle drag. The latter is prone to changing flow direction due to its low magnitude and interaction with decoupling remnant oceanic crust (Supplementary Movies S7). This subduction channel cut-off and subsequent semi-steady state is also observed in the thineur model (Supplementary Figure S6E,F), in which the “European” downgoing plate has twice as long passive margins as in the reference model (Table 2). Neither of these two models display any post-detachment slab rollback.
4 DISCUSSION
4.1 Lower crustal indentation
Deep geophysics, including reflection and refraction seismic data, constraining the deep structure of the Central Alps, have been interpreted to portray indentation of the overriding plate lower crust into the orogenic wedge (Schmid et al., 1996; Rosenberg and Kissling, 2013; Rosenberg et al., 2015). This process leads to the emplacement of the stacked orogenic upper crust on top of the indenting downgoing plate lower crust, which in turn overlies the subducting lower crust and upper mantle of the downgoing plate (see for example plate 1 in Schmid et al., 1996). This complex geometry calls for a strong lower crust of the overriding plate, which contrasts with simple rheological models for continental crust where the lower crust is often assumed to be weaker than the upper crust (e.g. Brace and Kohlstedt, 1980; Okaya et al., 1996; Tesauro et al., 2009).
Our modelling shows that indentation by the lower crust of the overriding plate is only rarely observed, despite its strong mafic granulite rheology (Table 1). We find that lower crustal indentation occurs in two different scenarios. The first scenario involves a lower crust that behaves as a rigid indenter, for which the lower crust needs to have an intermediate to strong (e.g. plagioclase or mafic granulite) rheology. This scenario is in agreement with previous findings (Gerbault and Willingshofer, 2004; Vogt et al., 2018). We observe that this scenario of indentation is most effective when the lithospheric mantle of the overriding plate is dragged down during stage 1 (Supplementary Movies S2, S7, Figures 10A–D). The highest amount of indentation through this “active” mode of indentation is observed in model LM25 (Supplementary Movies S6, Figures 10D, Figure 11J), which also shows the highest degree of intra-crustal decoupling and burial of the retro-foreland basin. Here, indentation occurs during the collision stage (latest stage 1, early stage 2 in Figure 1), where the accretionary wedge evolves into a double-vergent orogenic wedge. In many of our other parameter studies (not shown here) the lower crust of the overriding plate barely indents the core of the orogen.
[image: Figure 11]FIGURE 11 | Comparison of a cross-section through the Central Alps (A), modified from Schmid et al. (2004a), with composition and visco-plastic strain rate fields of models (C,D) ref, (F,G) oc510 and (I,J) LM25 (Table 2) at t ∼ 56 Myr. Miniature PTt paths are shown for the models (E,H,K, see Figure 4) and for the Central Alps ((B) modified from Brouwer et al. (2005)). The trace of the retroshear (RS) is indicated in each model.
Another scenario that leads to indentation takes place during the second and third stages (Figures 1B,C) of the model evolution. The positively buoyant, decoupled continental crust of the downgoing plate rises and flows back along the subduction channel, concentrates in the core of the orogen and uplifts the overlying units. This eduction mechanism generates orogenic widening in our models similarly to what has been described by other authors (Andersen et al., 1991; Duretz et al., 2011; Porkoláb et al., 2021). In our results this widening is more visible in the upper crustal levels, while the lower crust records lower amounts of shear reversal along the subduction plane, resulting in differential displacement between upper and lower crust. Therefore, the lower crust attains an “indented” position without actively indenting the core of the orogen, in a similar way as described for the Central Alps by Laubscher (1990), and Schmid et al. (1996). This “passive” mode of indentation is best observed in e.g. model oc510 (Supplementary Movies S3, Figure 8D) and to a lesser extent in the reference model (Supplementary Movies S2, Figures 3D,F,H).
4.2 Slab rollback orogeny model evaluation
4.2.1 Slab detachment
The oceanic slab detaches from the downgoing plate under all parameters studied, usually at the rheological contrast between the passive margin and oceanic plate. Detachment at the passive margin is in agreement with many previous studies (e.g. Baumann et al., 2010; Baes et al., 2011; Duretz et al., 2012; Magni et al., 2012; Duretz and Gerya, 2013), which have interpreted the lateral strength contrast and crustal thickness variability at the continent-ocean transition to facilitate a localization of strain and deformation. The extensional strain from both the slab bending and the downward pull by the heavy oceanic slab is sufficient to initiate viscous necking or plastic tearing in this location (cf. Broerse et al., 2019). When the slab detaches and sinks into the mantle, it induces strong poloidal mantle flows, which interact with the orogen and take several tens of Myrs to equilibrate. The detachment depth varies from ∼48 to ∼600 km in our models, which is the same range observed also by the above-cited slab detachment studies (Supplementary Figure S8). Slab detachment occurs in clusters at < 200 km and >300 km depths (Supplementary Figure S8). The cluster of deep detachments mainly experiences viscous slab necking, which takes between ∼1.5 and 7.0 Myr. Our models in the cluster of shallow detachments (i.e., red diamonds in Supplementary Figure S8) experience very rapid detachment (tens to a few hundred kyr) along a plastic shear zone. Both modes are also found in previous work (e.g. Sacks and Secor, 1990; Duretz et al., 2012). Duretz et al. (2012) observe that detachment through shearing is favoured when the slab dip is intermediate (35–70°). In our results shallow detachment occurs when Peierls creep is activated, when the slab is young (50 Ma) or when the lithospheric mantle is very weak (model LM50). If detachment happens through slow necking (model LM25, Supplementary Figure S2C) the orogen remains higher than when necking is faster (e.g. models ref, oc510 in Supplementary Figure S2).
4.2.2 Post-detachment slab rollback
None of our modelled scenarios have resulted in either slab rollback or slab steepening after slab detachment. Instead, the slab usually rebounds upwards due to the net positive buoyancy resulting from the subducted lower crust (Figures 5, Figure 7). The slab does not rebound when no continental crust subducts (e.g. models reflong, thineur, Table 2, Supplementary Figure S6) or when slab necking is slower than ∼5 Myr (model LM25). Slab rebound and subsequent long-lasting slab unbending lead to eduction, which is accompanied by gravitational collapse and accumulation of exhumed crustal units in the core of the orogen. Together these processes drive orogenic widening in our models that leads to an observed trench shift towards the foreland of up to ∼140 km (Supplementary Figure S2).
To instead obtain the slab steepening observed in the study of Dal Zilio et al. (2020) testing the slab rollback orogeny model, the remaining slab after detachment needs to be negatively buoyant. Negative buoyancy needs to be achieved by limiting the subduction of buoyant continental crust. Crustal subduction can be limited by a slab detachment shortly after continental collision, and when the lithospheric mantle of the overriding plate blocks crustal subduction. A comparison with the study of Dal Zilio et al. (2020) suggests that slab detachment needs to occur at the moment when 100–150 km of subduction after continental collision has occurred. Such early slab detachment at depths deeper than the passive margin would put tight constraints on the parameters that govern the strength of the downgoing plate. For instance, the continental crust would have to be stronger both frictionally and ductile, such that it resists subduction more readily. This effect is in agreement with the main differences of our model with respect to Dal Zilio et al. (2020), where a colder crust and lithosphere (a Moho temperature of 350°C compared to our 450°C) and a higher crustal friction are used. Furthermore, the plastic strength of the oceanic slab can be lowered through changes in parameters governing Peierls creep (Eq. 11), its friction, and pore fluid pressure ratio (Table 1). In addition, a lack of slab rollback may be attributed to a relatively short overriding plate, making the overriding plate more prone to move in response to changes in the stress state (e.g. Butterworth et al., 2012). However, our reflong model did not show post-detachment slab rollback either (Supplementary Figure S6C,D, Supplementary Movies S7). Finally, slab rollback might be facilitated by transmission of slab pull along the trench from surrounding areas where the slab has not detached yet (Duretz and Gerya, 2013), which is not accounted for by our 2D models.
4.2.3 Mantle drag
Our modelling shows that slab pull often remains positive after slab detachment for tens of millions of years, while mantle drag provides a comparable force (Figure 7). This indicates that slab pull alone cannot explain the kinematics of the collisional system. For example, the peak mantle drag generated by slab steepening in stage 1 is strong enough to emplace the orogen on top of the downgoing plate (e.g., Figure 3). Furthermore, the eduction of deeply subducted lower crust from the downgoing plate is recognisable as a broad peak in the mantle drag evolution due to asthenosphere replacing the crust (e.g. Figure 6B). The mantle drag magnitude often remains significant compared to slab pull even during stages 2 and 3. This is illustrated in Supplementary Figure S7, where the ratio of slab pull over the mantle drag is plotted over time for models ref, oc510 and LM25. This ratio evolution can be compared with the results obtained by Candioti et al. (2021), who used the same ratio to explain crustal deformation patterns. Our observed ratio varies significantly over several orders of magnitude and is not able to explain the observed crustal deformation style (Supplementary Figure S7). This could be caused by differences in model setup and quantification methods. For example, Candioti et al. (2021) apply constant boundary velocities and use a narrower model domain (1,600 vs 3,000 km). In addition, they quantify mantle drag only on the model sides, while it is most important in the mantle wedge area in our study.
Since in most of our models neither slab pull nor mantle drag is dominant in the second and third stage (Figures 1, 3, 7), neither can be used individually to explain the behaviour of the orogen. It is the interaction between them that is most helpful in explaining the kinematics (see Section 3.1). Therefore, we propose that mantle drag could provide a useful addition to the slab rollback orogeny model.
4.3 Central Alps discussion
Our results are best applicable to the evolution of the Alps in their central sector, illustrated by the evolution of the well-studied NFP20 east transect (Figure 11A e. g. Schmid et al., 1996; Schmid et al., 2004a among others). The Central Alpine section is also the section for which the SRO model was originally proposed (Schlunegger and Kissling, 2015; Kissling and Schlunegger, 2018; Dal Zilio et al., 2020). A comparison of our models ref, oc510 and LM25 to the tectonic interpretation of this transect (Figure 11) shows numerous similarities in terms of kinematics, retroshear exhumation and indentation, as well as burial and exhumation mechanisms. The crustal thickening creates similar Moho depth geometries that reach 60–70 km beneath the orogen. The overall evolution shows significant initial burial followed by large-scale exhumation of the downgoing plate crustal material by its incorporation in the orogen and retroshear thrusting. The centrally exhumed area separates a zone of significant deformation of sediments, originally deposited on the European margin and the adjacent ocean in the fore-shear domain (foreland basin and neighbouring accretionary wedge), from highly deformed and exhumed sediments deposited originally over the oceanic and Adriatic domain in the retroshear zone (Figures 11C–G). However, the central area shows more symmetric exhumation and our models do not show far-travelled Adriatic nappes, as interpreted for the NFP20 east profile (compare Figure 11A with Figures 11D,G,J). The entire overriding plate crust is coupled by the deformation, resulting in significant exhumation in the footwall of the retroshear in a similar fashion as the post-Eocene (mostly post-Oligocene) exhumation of the Adriatic crust in the Central Alps (e.g. Rosenberg et al., 2015 among others). While models ref and oc510 show only retroshear exhumation and coupling of the overriding plate crust (Figures 11C–G), model LM25 shows an initial retroshear exhumation, followed by active indentation of the overriding plate lower crust (Figures 11I,J). The latter model is more realistic in terms of Central Alps structure evolution where the Eocene-Oligocene accretion, continental collision and retroshear exhumation along the Insubric line was followed by a post-Oligocene Adriatic indentation, although the exact age of the indentation is still debated (see discussion in Laubscher, 1990; Schmid et al., 1996; Schmid et al., 2004a; Rosenberg et al., 2015; Rosenberg et al., 2018). However, this latter LM25 profile shows less exhumation than the NFP 20 east transect and is more similar with the NFP20 west profile (compare with Figures 3B,C in Schmid et al., 2004a). Most models show burial and exhumation curves that are similar with existing Alps PTt paths (e.g. Brouwer et al., 2005) containing high-pressure-low-temperature events during metamorphism, although peak PT conditions are underestimated in model LM25 (Figure 4F, Figure 11K). In particular model oc510 shows peak pressures and temperatures that are fairly similar to the ones observed in the Central Alps (Figures 4C, 11B,E). The similarity continues further in more detail, for instance the marker starting at x = 1,050 km shows late orogenic heating (LOH, Figure 11H), which is fairly similar to the interpretation of the Lepontine gneisses in the Central Alps (Brouwer et al., 2004). The average surface topography is 2.9 km for model ref, 3.0 km for model oc510 and 3.7 km for model LM25 (Supplementary Figure S2), which is in between isostatically balanced predictions and observations (e.g. Kissling, 1993). All our models predict the formation of a thick-skinned thrust wedge that affect sediments deposited far in the Adriatic hinterland (i.e., the retro-foreland basin), in a similar fashion to what is observed in the Southern Alps and their Po Plain foredeep (e.g. Pfiffner, 2016).
Our models simulate a significant slab rebound and eduction after detachment through initial elastic deformation followed by viscous unbending over tens of millions of years (Figure 5). Analysis of the final stress fields shows that the retro-wedge is under compression, but most of the retro-foreland is not (Supplementary Figure S9), which is not in agreement with observations in the Southern Alps and their foredeep where the shortening continues at present (e.g. Di Bucci and Angeloni, 2013). In our models the compression in the orogen is induced by the upper crust of the downgoing plate that accumulates within the orogen during eduction and subsequent gravitational collapse (Supplementary Figure S1B). The compression in the orogen is not transferred past the retro-wedge into the retro-foreland. Moreover, the extension in the Central Alps was parallel to the orogen, connected with the mechanics of the adjacent Western and Eastern Alps, driven by the 3D processes of oroclinal bending and lateral extrusion (Ratschbacher et al., 1991; Mancktelow, 1992; Schmid et al., 1996; Schmid and Kissling, 2000; Pfiffner, 2016), which are not available in our models due to their inherent 2D limitations. Furthermore, the topography of models is exaggerated (by 0.9–1.7 km, Supplementary Figure S2) when compared to nature, which may induce an additional component of extension driven by an increased gravitational potential. Despite these shortcomings, our modelling shows that an orogen such as the Alps requires eduction associated with extension in a theoretical cylindrical version. Such extension is orogen-perpendicular in our models, but in nature it is orogen-parallel driven by the non-cylindrical 3D processes of oroclinal bending and lateral extrusion, which in fact are the result of the interaction with the orogens located at the terminations of the Alps, i.e. the Apennines and Carpathians (e.g. Ratschbacher et al., 1991; Schmid et al., 2013; Schmid et al., 2017; Király et al., 2021).
In context of the Adria-Europe collision, the downgoing plate was not completely oceanic, but characterised by a wide, thinned continental margin, which contained a continental fragment, i.e. the Briançonnais microcontinent (Dewey et al., 1989; Stampfli et al., 1998; Schmid et al., 2004a; Handy et al., 2010; Pfiffner, 2016). It is generally accepted that the lower crust of the thinned passive margin and the Briançonnais fragment have been subducted together with the lithospheric mantle (Schmid et al., 2004a; Pfiffner, 2016). However, due to the implementation of an instantaneous erosion/sedimentation mechanism in our models, the sediment thickness on the oceanic domain is likely overestimated, partly compensating for this deficit of positively buoyant material. A qualitative comparison of the area of the orogenic wedge of the NFP20 East cross-section with the reference model shows that wedge areas and partitioning between upper crust, sediments and lower crusts are similar (Supplementary Figure S10), thus exerting buoyancy forces of similar magnitude on the system. However, we acknowledge that including a continental sliver may affect the timing and intensity of slab steepening (Brun and Faccenna, 2008), which together with poloidal mantle flow may be expected to slow down subduction. Peak slab pull and mantle drag would likely be reduced. Future studies could significantly benefit from further investigating the influence of the Briançonnais microcontinent on the subduction system.
The unbending and simultaneous eduction in our models (sensu Andersen et al., 1991) generate uplift and widening of the orogen, exert shear and normal strain on the subduction channel, and hence promote a rheological decoupling of upper and lower crustal rocks from the downgoing plate. Moreover, even when the slab pull attains (minor) negative values in the final stages of model evolution, it is still insufficient to induce slab rollback, as discussed above. Particularly, for the Central Alps its present-day convergence may be driven by more complex (three-dimensional) processes, such as the 3D kinematics, rotation and lateral escape associated with the Adriatic indentation, while significant oroclinal processes affected its western sector during the final phases of post-collisional evolution (Schmid et al., 2004a; Rosenberg et al., 2015).
4.4 Model limitations
The main limitation of our study is the absence of changes in the third, along-strike direction. This was necessary in order to accurately study the dynamics of this system at a high enough resolution for many different parameters. However, orogen-parallel deformation is often relevant and particularly for the Central Alps since 8 Ma (Handy et al., 2010; Krstekanić et al., 2020; Van Hinsbergen et al., 2020; Király et al., 2021). Not accounting for orogen-parallel deformation 1) overestimates topography (Gerbault and Willingshofer, 2004), 2) eliminates 3D processes from causing lower crustal indentation (e.g. Schmid and Kissling, 2000), and 3) may also explain the absence of post-detachment convergence (see Section 4.2). Besides the orogen-parallel extension discussed above, comparing our two-dimensional models to two-dimensional cross-sections neglects the right-lateral displacement along the Peri-Adriatic fault system. This means that the Adriatic margin captured in our cross-sections was located further to the east at the time of collision (Schmid et al., 1996; Pfiffner, 2016). Finally, the lack of a third dimension means that we do not account for toroidal mantle flow, which dominates during slab steepening and rollback (e.g. Schellart and Moresi, 2013). However, due to the limited post-detachment trench retreat and/or slab rollback in our study, toroidal flow is expected to have only minor effects (e.g. a slightly weaker mantle drag).
Several processes in our modelling are absent or simplified, including melting leading to volcanism (e.g. Faccenda et al., 2008; Faccenda et al., 2009) and grain size evolution (Bercovici and Ricard, 2014; Schierjott et al., 2020). Furthermore, our simplified erosion and sedimentation implementation that instantaneously removes/deposits material above/below prescribed topographic levels ignores sediment transport (e.g. Garzanti et al., 2007; Garzanti and Malusà, 2008) . However, despite the relatively high erosion level (10 km above mountain area) most models show a modest to large extent of exhumation (Figure 4). The relatively high (∼3 km on average) final topography may be reduced by implementing erosion and sedimentation more accurately (as done in e.g. Malatesta et al., 2013).
5 CONCLUSION
We quantify continental collision dynamics in two-dimensional thermomechanical models to investigate the partitioning between slab pull and mantle drag in Alpine-style orogens under a wide range of parameters. We find that neither slab pull nor mantle drag by itself is able to explain the orogenic evolution. Our detailed comparison between the vertical slab pull and horizontal mantle drag demonstrates that these forces are in fact of similar magnitude during large parts of an orogenic cycle and interact with each other. We observe no post-detachment slab rollback or steepening in the wide parameter space explored here.
Our parameter studies show that continental collision dynamics are most strongly influenced by initial length and age of the oceanic plate, the activation of the Peierls creep mechanism, the frictional strength of the lithospheric mantle, and the lower crustal rheology of the overriding plate. These parameters affect the depth and timing of slab detachment, which dictates the post-detachment evolution of the orogenic system. Other parameters, such as convergence rate, rather influence the style of crustal deformation and burial-exhumation cycle and not the evolution of the mantle drag and slab pull forces.
The results of this study illustrate the need for quantitative analysis in numerical modelling studies. Especially in two dimensions it is straightforward to quantify forces (Appendix A). Force quantification in dynamic numerical models of continental collision allows for a more intuitive analysis of modelling results. Instead of ascribing kinematic events in the model to other motions in the model, we should use more complete quantification exemplified here to explain kinematics of the subduction-collision cycle. Moreover, it is a useful tool in the comparison of modelling results to forces acting in natural systems.
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APPENDIX A DYNAMIC ANALYSIS
Two main forces are quantified in this research, on which the dynamic analysis is based. The first force, i.e. viscous drag along the base of the overriding plate, acts in the horizontal direction. It is referred to here as drag or mantle drag force. The second force, i.e. slab pull, acts in the vertical direction which is the expression of density differences of the subducting slab with respect to its surroundings. These forces are monitored over time so they can be linked to the kinematic evolution of the models and to examine their relative dominance.
Mantle drag is calculated here by integrating the product of the vertical gradient of horizontal velocity and the effective viscosity along the base of the overriding plate:
[image: image]
Since both the velocity gradient and the effective viscosity are characterised by sharp variations along the base of the overriding plate, drag force is calculated between 2 km below and above the prescribed lithosphere-asthenosphere boundary of 140 km beneath the surface (e.g. 160 km on the y axis of the figures). The calculation depths are 138.25, 139.25, 140.25 and 141.25 km. Subsequently, the mean, maximum and minimum drag are averaged along the base of the overriding plate at each depth level. In the resulting figures we show the variation between these depths as shaded areas for the mean mantle drag magnitude, which looks like a thick line if the mantle drag does not vary significantly between the integration depths (Figure A1). Slab pull switches polarity during slab detachment, while mantle drag switches polarity prior to that, for example when eduction starts. We also find that a very weak (around 1010–1011 N/m) mantle drag in a stationary orogenic system may often switch direction (e.g. Figure 6H).
[image: Figure A1]FIGURE A1 | recycling of Figure 6B as a guide to the text.
Slab pull corresponds to the gravitational acceleration multiplied with the surface integral of lateral density variation:
[image: image]
Where [image: image] and [image: image] are the horizontally averaged slab and surrounding material, i.e. mantle, densities. In practise, the slab is identified using the rock composition identifier taken from the nearest Lagrangian marker at every Eulerian node. In addition, a node is deemed part of the slab if its temperature is below the lithosphere-asthenosphere boundary temperature of 1,617.6K (see Model setup section). To detect slab detachment, the number of elements with slab temperatures is counted at each depth interval. If fewer than 100 nodes (50–70 km horizontal width) satisfy this condition, the area below that point is no longer included in the calculation. Hence, the sharp change in slab pull in the slab pull evolution figures is algorithmic and not related to the necking/shearing duration. In addition, flat-lying (detached) portions of slab at the 660 km discontinuity are not included as slab portions below 600 km are ignored. This approximation is justified as the deepest part of slab has the smallest thermal and therefore density anomaly. An example of this process is shown in Figure A2.
[image: Figure A2]FIGURE A2 | Slab identification of the slab pull calculation program for the reference model. The algorithm excludes everything below the necking level (which no longer has lithospheric temperatures) where the slab detaches, and everything above the lithosphere-asthenosphere boundary at a depth of 140 km. The resulting force estimate provides reasonable size estimates (e.g., Sandiford et al., 2005), despite these approximations.
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