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2 lithosphere and the paleotopographic load have varied over the course of orogenesis to shape the basin geometry. Employing a 3D continuous-plate model, we find that the overriding European plate has slightly higher rigidity than the underthrusting Iberian plate. The best-fit model results for the modern setting produce a root-mean-square error (RMSE) of 458 m using effective elastic thickness (Te) values of 23 and 16 km for the European and Iberian plates, respectively. We also test a broken-plate model, which produces a similar RMSE but predicts higher Te (32 km for the European plate and 26 km for the Iberian plate). The broken-plate model results indicate minimal vertical plate-boundary forces are necessary to reproduce the observed basin geometry. Flexural modeling results suggest that the topographic load doubled from the Paleocene to the Oligocene, and achieved modern topography by the end of the Eocene. The topography remained relatively stable throughout the Oligocene and Neogene, with only limited growth and decay. These results have implications for surface processes and foreland-basin development of the Pyrenean Orogen, tectonic inheritance, and the geodynamic evolution of western Europe.

INTRODUCTION

It is now widely recognized that orogenic systems evolve through feedbacks between surface processes and deformation [START_REF] Beaumont | Erosional control of active compressional orogens[END_REF][START_REF] Willett | Orogeny and orography: The effects of erosion on the structure of mountain belts[END_REF][START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF][START_REF] Braun | The many surface expressions of mantle dynamics[END_REF][START_REF] Jamieson | On the origin of orogens[END_REF][START_REF] Thieulot | Three-dimensional numerical simulations of crustal systems undergoing orogeny and subjected to surface processes[END_REF]. For example, tectonically-driven rock movement can modify crustal thickness and generate surface relief, influencing lithospheric flexure, atmospheric circulation, and erosion [START_REF] Molnar | Some simple physical aspects of the support, structure, and evolution of mountain belts[END_REF][START_REF] Watts | Isostasy and Flexure of the Lithosphere[END_REF][START_REF] Montgomery | Topographic controls on erosion rates in tectonically active mountain ranges[END_REF]. Surface processes redistribute mass, thereby modifying the stress field and potentially influencing tectonics [START_REF] Willett | Orogeny and orography: The effects of erosion on the structure of mountain belts[END_REF][START_REF] Steer | Erosion influences the seismicity of active thrust faults[END_REF]. Advances in our understanding of these feedbacks underscore the importance of determining how topography evolves within a developing orogen, in order to understand the full geodynamics of the system. However, quantifying past topography is nontrivial [START_REF] Clark | The Significance of Paleotopography[END_REF]. Great strides have been made implementing stable-isotope geochemistry, paleobotany, and palynology to estimate paleoaltimetry [START_REF] Rowley | Stable Isotope-Based Paleoaltimetry[END_REF][START_REF] Cassel | Cenozoic tectonic and topographic evolution of the northern Sierra Nevada, California, through stable isotope paleoaltimetry in volcanic glass[END_REF][START_REF] Campani | Miocene paleotopography of the Central Alps[END_REF][START_REF] Suc | The use of pollen floras as a tool to estimate palaeoaltitude of mountains: The eastern Pyrenees in the Late Neogene, a case study[END_REF][START_REF] Fauquette | Quantifying the Eocene to Pleistocene topographic evolution of the southwestern Alps, France and Italy[END_REF]; however, these methods necessitate preservation of particular authigenic minerals or pollen assemblages and there are uncertainties surrounding whether these signals record altitudinal variations, precipitation magnitude, precipitation source, climate change, or some combination thereof. Other studies utilize low-temperature thermochronometers, which, although they cannot directly constrain paleotopography, can be effective at estimating past relief characteristics [START_REF] Braun | Quantitative Constraints on the Rate of Landform Evolution Derived from Low-Temperature Thermochronology[END_REF][START_REF] Reiners | Thermochronologic Approaches to Paleotopography[END_REF].

In addition to the approaches mentioned above, several researchers have used numerical and conceptual models to explore the relationship between Earth's topography and isostatic processes [e.g. [START_REF] Stephenson | Flexural models of continental lithosphere based on the long-term erosional decay of topography[END_REF]Millán et al., 1995;[START_REF] Watts | Isostasy and Flexure of the Lithosphere[END_REF][START_REF] Tucker | A model for post-orogenic development of a mountain range and its foreland[END_REF]. The process of mountain building thickens the crust and creates a topographic load on the lithosphere, causing it to deflect downward [START_REF] Molnar | Some simple physical aspects of the support, structure, and evolution of mountain belts[END_REF][START_REF] Watts | Isostasy and Flexure of the Lithosphere[END_REF][START_REF] Turcotte | Geodynamics, Third Edit[END_REF] and form foreland basins [START_REF] Beaumont | Foreland basins[END_REF][START_REF] Decelles | Foreland basin systems revisited: variations in response to tectonic settings[END_REF]. Foreland-basin geometry is a reflection of topographic load, the flexural rigidity of the lithosphere, expressed as effective elastic thickness (T e ), and mantle dynamics [START_REF] Burov | The effective elastic thickness (Te) of continental lithosphere: What does it really mean?[END_REF][START_REF] Watts | Isostasy and Flexure of the Lithosphere[END_REF][START_REF] Decelles | Foreland basin systems revisited: variations in response to tectonic settings[END_REF]. It follows that the foreland-basin fill reflects the evolving lithospheric flexure and orogenic topography. Millán et al. [1995] capitalized on this relationship, investigating the 2D flexure and Eocene paleotopography of the Pyrenees. Here, we take a more comprehensive approach, using 3D flexural modeling and foreland-basin stratigraphy to investigate the evolving topography of the Pyrenean Orogen from the onset of orogenesis to the present.

The Pyrenees constitute an asymmetric doubly-vergent orogenic wedge with both retro-and pro-foreland basins (Aquitaine and Ebro Basins, respectively; Fig. 1) [Naylor and Sinclair, 2008]. These foreland basins contain an exceptional stratigraphic and structural record [START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF], facilitating a number of studies on the flexural behavior of the region. Earlier studies only considered one of the two foreland basins [e.g., [START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF], were carried out along 2D cross-sections or within limited areas [e.g., [START_REF] Zoetemeijer | Lithospheric dynamics and tectonic-stratigraphic evolution of the Ebro Basin[END_REF][START_REF] Waltham | Decoupled flexure in the South Pyrenean Foreland[END_REF][START_REF] Angrand | Lateral variations in foreland flexure of a rifted continental margin: the Aquitaine Basin (SW France)[END_REF], failed to address spatial and/or temporal heterogeneity in crustal parameters [e.g., [START_REF] Desegaulx | Structural evolution of the Pyrenees: tectonic inheritance and flexural behavior in the continental crust[END_REF], and/or relied on limited or outdated datasets [e.g., [START_REF] Brunet | The influence of the evolution of the Pyrenees on adjacent basins[END_REF]Millán et al., 1995]. Our approach models the full Pyrenean system, including both the retro-and pro-foreland basins. The model we employ solves for the three-dimensional deflection of the lithosphere. In contrast to other studies, we consider both a continuous (infinite) and broken (semi-infinite) plate model for the Pyrenean system. We also consider the spatio-temporal variation of flexural parameters and the potential influence of non-topographic loads. By combining our 3D model with restored foreland-basin stratigraphy, we provide independent, first-order constraints on the topographic evolution of the Pyrenees through time.

GEOLOGIC SETTING

The Pyrenean orogen formed during Late Cretaceous to Miocene convergence between the Iberian and European plates [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Muñoz | Deformation and structure in the Northern Iberian margin (Pyrenees S.L.)[END_REF][START_REF] Sibuet | Pyrenean orogeny and plate kinematics[END_REF][START_REF] Jammes | Tectonosedimentary evolution related to extreme crustal thinning ahead of a propagating ocean: Example of the western Pyrenees[END_REF]. The mountains are flanked by two foreland basins: the northern retro-foreland Aquitaine Basin, located on the European Plate, and the southern pro-foreland Ebro Basin on the Iberian Plate (Fig. 1). The Pyrenean mountain belt is divided into two major oppositelyverging thrust belts: the Southern and Northern Pyrenees thrust belts. In the eastern and central Pyrenees, the central Axial Zone is composed of an antiformal stack of Paleozoic basement thrust sheets, which is part of the southern wedge [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Teixell | The crustal evolution of the west-central Pyrenees revisited: Inferences from a new kinematic scenario[END_REF]. Shortening across the central orogen is variably calculated to be 90-165 km, ~75% of which is accommodated in the southern wedge [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Beaumont | Factors controlling the Alpine evolution of the central Pyrenees inferred from a comparison of observations and geodynamical models[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Mouthereau | Placing limits to shortening evolution in the Pyrenees: Role of margin architecture and implications for the Iberia/Europe convergence[END_REF].

During the Mesozoic, opening of the North Atlantic caused rifting along the Iberian-European plate boundary, resulting in rift-dominated tectonics, mantle exhumation, and accretion of oceanic crust in the western part of the Bay of Biscay [START_REF] Roest | Stratigraphic and tectonic studies in the central Aquitaine Basin, northern Pyrenees: Constraints on the subsidence and deformation history of a retro-foreland basin[END_REF][START_REF] Sibuet | Pyrenean orogeny and plate kinematics[END_REF][START_REF] Jammes | Tectonosedimentary evolution related to extreme crustal thinning ahead of a propagating ocean: Example of the western Pyrenees[END_REF][START_REF] Tugend | Formation and deformation of hyperextended rift systems: Insights from rift domain mapping in the Bay of Biscay-Pyrenees[END_REF]. In the Late Cretaceous (Santonian-Campanian) the Iberian and European plates began to converge, inverting the preexisting extensional structures [START_REF] Roest | Stratigraphic and tectonic studies in the central Aquitaine Basin, northern Pyrenees: Constraints on the subsidence and deformation history of a retro-foreland basin[END_REF]. Deformation and exhumation of the orogen are constrained by well-preserved syn-orogenic sediments as well as extensive thermochronological and borehole databases. At the onset of shortening, deformation localized in the hyperextended rift domains. Subsequently, in the Late Cretaceous, deformation progressed into the Iberian and European margins to develop the Southern and Northern Pyrenees thrust belts, respectively, by reactivation of the former extensional system [START_REF] Tugend | Formation and deformation of hyperextended rift systems: Insights from rift domain mapping in the Bay of Biscay-Pyrenees[END_REF][START_REF] Muñoz | Deformation and structure in the Northern Iberian margin (Pyrenees S.L.)[END_REF]. Deformation, with related rock uplift and exhumation, peaked in the Eocene-Oligocene (ca. 40-30 Ma) then slowed, but continued into the Miocene [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Fitzgerald | Asymmetric exhumation across the Pyrenean Orogen; implications for the tectonic evolution of a collisional orogen[END_REF][START_REF] Beaumont | Factors controlling the Alpine evolution of the central Pyrenees inferred from a comparison of observations and geodynamical models[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF]. Southwestward propagation of deformation is clearly documented in the patterns of exhumation and foreland deposition [START_REF] Puigdefabregas | Thrusting and foreland basin evolution in the southern Pyrenees, in Thrust tectonics[END_REF][START_REF] Fitzgerald | Asymmetric exhumation across the Pyrenean Orogen; implications for the tectonic evolution of a collisional orogen[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF]. Following the main orogenic phase, Oligocene-Miocene rifting in the Mediterranean affected the eastern Pyrenees, reactivating pre-existing Mesozoic rift structures as well as Paleogene faults [START_REF] Séranne | Structural style and evolution of the Gulf of Lion Oligo-Miocene rifting: role of the Pyrenean orogeny[END_REF].

Both foreland basins preserve a Late-Cretaceous to Miocene syn-orogenic sedimentary fill with a thickness of up to 6 km (Fig. 2). Pre-orogenic assemblages include Paleozoic rocks deformed and metamorphosed during the Hercynian orogeny, and Mesozoic rocks consisting of pre-rift and rift-related marine deposits [START_REF] Biteau | The Aquitaine Basin[END_REF]. The Late-Cretaceous to Paleocene stratigraphy is dominated by marine flysch and marls deposited in narrow basins that grade towards the foreland into carbonate platform successions and continental clastics in the forebulge areas [START_REF] Brgm | Géologie du bassin d'Aquitaine[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF][START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF]. The Late-Cretaceous syn-orogenic megasequence shallows upwards into continental fluvial and red-bed deposits in the eastern and central Pyrenees, coinciding with a deceleration of the contractional deformation. Renewal of the orogenic growth of the Pyrenees at Early Eocene times triggered the formation of rapidly subsiding turbiditic troughs in the Southern Pyrenees and an increase of sediment supply in both foreland basins [START_REF] Brgm | Géologie du bassin d'Aquitaine[END_REF][START_REF] Puigdefabregas | Thrusting and foreland basin evolution in the southern Pyrenees, in Thrust tectonics[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF][START_REF] Roest | Stratigraphic and tectonic studies in the central Aquitaine Basin, northern Pyrenees: Constraints on the subsidence and deformation history of a retro-foreland basin[END_REF]. In both basins, a significant mid-Eocene change in facies and sediment supply coincided with apparent orogenic growth of the Pyrenees [START_REF] Brgm | Géologie du bassin d'Aquitaine[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF]. In the South-Pyrenean foreland basin, turbidites grade outwards into carbonate platforms, similarly to the Late-Cretaceous megasequence. In the Ebro Basin, the marine-continental transition occurred ca. 36 Ma (late Bartonian) and coincided with the onset of a period of endhoreism that persisted until the late Miocene (Fig. 2) [START_REF] Garcia-Castellanos | Interplay between the tectonics, climate, and fluvial transport during the Cenozoic evolution of the Erbo Basin (NE Iberia)[END_REF][START_REF] Pérez-Rivarés | Magnetostratigraphy of the Miocene continental deposits of the Montes de Castejón (central Ebro basin, Spain): geochronological and paleoenvironmental implications[END_REF][START_REF] Costa | Closing and continentalization of the South Pyrenean foreland basin (NE Spain): magnetochronological constraints[END_REF]. In the Aquitaine Basin, the marine-continental transition propagated westward, starting at ca. 48 Ma (end of Ypresian, Fig. 2) in the east [START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF]. By the end of the Eocene (34 Ma), continental facies dominated the central and eastern Aquitaine Basin, with sustained marine facies in the west [START_REF] Brgm | Géologie du bassin d'Aquitaine[END_REF][START_REF] Biteau | The Aquitaine Basin[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF].

METHODS AND DATA

Modelling workflow

In order to quantify the topographic evolution of the Pyrenees, we proceed in two stages. First, we define the spatial extent of the present-day retro-and pro-foreland basins.

We then model the flexure of the lithosphere beneath the present-day Pyrenees to determine:

(1) if a flexural model can accurately describe the geometry of the basins, (2) the best-fit parameters (i.e. Te), and (3) the potential contribution of non-topographic loads. In the second stage, we define the restored foreland-basin depths at four times: the Paleocene (early orogenic phase), the top and mid-Eocene (peak orogenic phase), and the Oligocene (late orogenic phase). Based on our results for the present day, we use the flexural model to determine the elastic and topographic parameters that best reproduce the paleo-foreland basin geometries. These methods are described in more detail below.

Flexural model description

We use a finite-element method to model the 3D flexural deformation of the lithosphere [START_REF] Simpson | Practical Finite Element Modeling in Earth Science using Matlab[END_REF]. This model treats the lithosphere as an elastic plate overlying a dense inviscid fluid [START_REF] Turcotte | Geodynamics, Third Edit[END_REF][START_REF] Simpson | Practical Finite Element Modeling in Earth Science using Matlab[END_REF]. The plate is flexed downward in response to a topographic load, with contributions from the adjacent sedimentfilled foreland basins and the crustal root (Fig. 3). The rigidity (D; [Nm]) of the modeled plate is a function of Young's modulus (E; [N m -2 ]), Poisson's ratio (ν), and effective elastic thickness (Te; [m]):
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The most influential variable in the rigidity is Te; although the relationship between Te and lithospheric rheology is not straightforward, Te is a useful lithospheric parameter that integrates thermal structure, composition, crust-mantle dynamics, and bending stresses [START_REF] Burov | The effective elastic thickness (Te) of continental lithosphere: What does it really mean?[END_REF][START_REF] Watts | Lithospheric strength and its relationship to the elastic and seismogenic layer thickness[END_REF]. In general terms, high values of Te are associated with strong lithosphere and produce a long-wavelength, shallow deflection, whereas low values are associated with weak lithosphere and produce a short-wavelength, deep deflection (Fig. 3D). The model allows testing different load scenarios (i.e. the magnitude, location, and density of topographic and buried loads), as well as investigating the effects of spatially varying values for Te, intraplate (plane-parallel) forces, and plate boundary (vertical) forces. Modeling parameters are described in Table 1.

Here, we employ both a continuous and broken-plate model to evaluate present-day flexure. In the continuous-plate model, the load is applied to the center of the modeling domain (Fig. 3A) and includes all Pyrenean orogenic topography as well as that of the Iberian Range (Fig. 4). Te varies across the North Pyrenean Fault (Fig. 1), permitting different values for the European and Iberian plates; however, the plates are fully linked beneath the orogen and the deflection of one influences that of the other. In the broken-plate model, the two plates are modeled separately and the load is applied to the edge of the plate (Fig. 3B). The broken-plate model permits testing the influence of plate boundary forces on the predicted deflection.

Crustal density variations

There are two well-known gravity anomalies in the northern Pyrenees, the Labourd and Saint-Gaudens anomalies (Fig. 1), that are generally attributed to dense crustal bodies in the crust [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Casas | Gravity anomaly map of the Pyrenean region and a comparison of the deep geological structure of the western and eastern Pyrenees[END_REF][START_REF] Pedreira | Three-dimensional gravity and magnetic modeling of crustal indentation and wedging in the western Pyrenees-Cantabrian Mountains[END_REF]. We test the influence of these dense bodies, or buried loads, on the flexure by incorporating local density variations based on the anomalies into the flexural model. We identify the extent of the density anomalies using gravity data and apply a crustal density of 3000 kg/m 3 (calculated density of crustal column, based on a mantle density of 3300 kg/m 3 ) to those areas for incorporation into the flexural model. The methodology outlined here is explained in more detail in the Supplementary Material.

Model-data comparison

Similar to previous studies, we assume that the base of the foreland-basin succession mimics the downward flexure of the lithosphere due to the developing orogenic load [e.g., [START_REF] Desegaulx | Structural evolution of the Pyrenees: tectonic inheritance and flexural behavior in the continental crust[END_REF][START_REF] Zoetemeijer | Lithospheric dynamics and tectonic-stratigraphic evolution of the Ebro Basin[END_REF]Millán et al., 1995;[START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF][START_REF] Angrand | Lateral variations in foreland flexure of a rifted continental margin: the Aquitaine Basin (SW France)[END_REF]. We use the modern orogenic topography as the load (Fig. 4B), with crustal densities corresponding to the orogen and sediment densities for the foreland basins (e.g. Fig. 3A; Table 1). In order to quantitatively assess the goodness of fit of the model, we calculate the root-mean-square error (RMSE) between the modeled deflection and observed base of the foreland-basin succession within selected areas of interest (AOIs, Fig. 4B). The RMSE represents the average difference between the depths of observed (O) and modeled (M) data points:
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We chose the AOIs to avoid regions of known pre-or post-orogenic tectonic influence on basin geometry, which may skew the misfit values, while still covering the majority of the basins (Fig. 4B). For example, the foreland AOIs do not overlap areas of known basementinvolved thrusting and avoid the western extensional basins.

Establishing stratigraphic architecture

We use publicly available borehole data (n=128), isopach and geologic maps [START_REF] Brgm | Géologie du bassin d'Aquitaine[END_REF], and published and unpublished crustal-scale cross-sections [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Biteau | The Aquitaine Basin[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF][START_REF] Labaume | Tectonothermal history of an exhumed thrust-sheet-top basin: An example from the south Pyrenean thrust belt[END_REF][START_REF] Roest | Stratigraphic and tectonic studies in the central Aquitaine Basin, northern Pyrenees: Constraints on the subsidence and deformation history of a retro-foreland basin[END_REF][START_REF] Teixell | The crustal evolution of the west-central Pyrenees revisited: Inferences from a new kinematic scenario[END_REF], to build a 3D geologic model of the foreland basins and key sequences within them (Fig. 4, Supplementary Figures S1-S2). The bases of the forelandbasin sequences are mapped as basin depth below sea level (Fig. 4). We use Move TM software to compile all the data, control their quality (locations, ages, and depths), and maintain consistency in nomenclature. In the Ebro pro-foreland basin, the base of the foreland-basin sequence corresponds to the base of the Cenozoic; the Late-Cretaceous sequences have all been incorporated into the Southern Pyrenees thrust belt (Fig. 1B). We map the base of the Cenozoic, the mid-Eocene (Top Bartonian), the Top Eocene, and an Oligo-Miocene surface in the Ebro Basin. The Paleocene surface is mostly recycled into the thrust belt, and the Top Oligocene is not a clearly correlated basin-wide surface, but we were able to map an Oligo-Miocene horizon. As convergence evolves, the pro-foreland is progressively recycled into the orogen; thus for the oldest units, the remaining stratigraphy represents the distal portion of the original basin. For the Aquitaine retro-foreland basin,

where the Late Cretaceous is preserved outside of the orogen, the base of the foreland sequence is taken as the top of the Santonian (~84 Ma) [START_REF] Biteau | The Aquitaine Basin[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF]. Using the compiled database, we map the Top Santonian, Base Cenozoic, Top Paleocene, mid-Eocene (Bartonian), Top Eocene, and Top Oligocene surfaces. We chose to map these surfaces because they (1) coincide temporally with key events in the evolution of the Pyrenees, (2) tend to be represented by a notable change in lithology, and (3) span the full orogenic period.

Reconstructing foreland basins through time

After establishing the modern foreland-basin architecture (Fig. 4), including the current depths to the tops of the Santonian (retro-foreland only), Cretaceous, Paleocene (retro-foreland only), Bartonian, Eocene, and Oligocene, we reconstruct the base of the retroand pro-foreland basins at the above-mentioned time intervals in order to assess the evolving flexure of the lithosphere. The modern stratigraphic surfaces are mapped in 3D (Fig. 4C andD), but the reconstructions are focused on 2D sections in order to target areas of high data confidence (Fig. 4A). The approach we take to reconstruct the paleo-geometry of the foreland basins combines published structural restorations with 2D backstripping methods. We utilize eight published, restored structural cross-sections (five in the Ebro Basin, three in the Aquitaine Basin) that provide the depth of the foreland basin at each restored interval [Fig. 4; [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF][START_REF] Ford | Retro-wedge foreland basin evolution along the ECORS line, eastern Pyrenees, France[END_REF][START_REF] Labaume | Tectonothermal history of an exhumed thrust-sheet-top basin: An example from the south Pyrenean thrust belt[END_REF][START_REF] Roest | Stratigraphic and tectonic studies in the central Aquitaine Basin, northern Pyrenees: Constraints on the subsidence and deformation history of a retro-foreland basin[END_REF][START_REF] Teixell | The crustal evolution of the west-central Pyrenees revisited: Inferences from a new kinematic scenario[END_REF][START_REF] Grool | Insights Into the Crustal-Scale Dynamics of a Doubly Vergent Orogen From a Quantitative Analysis of Its Forelands: A Case Study of the Eastern Pyrenees[END_REF]. left [START_REF] Allen | Basin Analysis: Principles and Applications[END_REF]. We utilize Move TM algorithms for decompaction and isostasy; decompaction calculations rely on lithologies that are based on public wellbore records and published paleo-geographic maps [START_REF] Biteau | The Aquitaine Basin[END_REF]. The primary problems encountered in this process are: (1) misreported surface depths in wells;

(2) perturbations from small-scale structures;

(3) different restoration stages for the published structural restorations; and (4) the structural complexity in the Ebro pro-foreland basin. Maintaining a 3D model allowed extensive quality control and we strove to identify and remedy any issues by georeferencing all the maps and cross-sections and verifying locations and depths of key surfaces.

Modelling flexural evolution and paleotopography

To test how the topography and flexure have varied through time, we use the parameters of the best-fit present-day continuous-plate model and systematically vary the Te and topographic load to model the flexural deflection at the specified times in the past. We perform these calculations using a continuous-plate model; we justify this choice in the discussion section. We compare those model results to the restored foreland-basin geometries to determine the best-fit parameter pairs. We use the modern topography and vary it by a factor τ that equals the ratio between paleo-and present-day topographic load (i.e., a τ factor of 0.5 implies a topographic load equivalent to 50% of modern; Fig. 3C). Similarly, we use the best-fit Te from the present-day model and vary it by a factor η (Fig. 3D). Our methodology provides a first-order estimate of paleotopography but is unable to capture along-strike variations in topographic growth or temporal changes in orogenic width (the latter issue mostly significant to the southern pro-foreland basin). We rely on the forelandbasin reconstructions as the basis for our goodness of fit: the RMSE calculations compare the restored depth of the foreland basins to 3D flexural models. The AOI for the paleo-foreland basin reconstructions varies from that of the modern analysis because the modern geometry is known with high certainty throughout the foreland basin whereas the paleo-geometries rely on interpretation. Our approach allows us to test how both Te and the topographic load coevolve to reproduce the reconstructed foreland-basin architecture.

In summary, our workflow involved the following steps:

1) Map the modern subsurface stratigraphic architecture of the foreland basins.

2) Using a continuous plate model, determine the best-fit flexural scenario for the modern depth of the foreland basins using modern topography.

3) Use backstripping and published structural restorations to determine the depths of the foreland basins at the end of the Oligocene.

4) Determine the topographic load and Te that best fit the Oligocene scenario.

5) Repeat steps 3 and 4 for each sequential stratigraphic interval.

RESULTS

Present day, continuous plate

The first suite of models combines a continuous plate with a load applied in the center These models provided no improvement to the goodness of fit; the results and details of these models can be found in the Supplementary Material. The misfit between the observed and modeled foreland-basin depths is shown in Figure 5B; a negative value of misfit indicates the observed foreland basin is shallower than the modeled. The greatest misfit is in the westernmost parts of the foreland basins, where the observed foreland-basin depths are up to 1000 m deeper than the modeled foreland-basin depths (Fig. 5B). In contrast, in the easternmost parts of the foreland basins, the observed basin depths are up to 500 m shallower than the modeled basin depths (Fig. 5B). The map of the misfit between the observed and modeled deflection also displays the visible influence of smaller-scale structures on the geometry of the basin, which cannot be reproduced using such a large-scale modeling approach.

We investigate if spatial variations in crustal density (i. 

Present day, broken plate

For the broken-plate model, the two plates are modeled independently. The load is applied at the edge of each model domain (i.e. the edge of the plate; Fig. 3B) and consists of the topography overlying each plate (Fig. 4B). Because the plates overlap vertically due to underthrusting of the Iberian plate beneath the European plate, there is also overlap in the respective modeled topographic load. For each plate, we again run 961 iterations at a spatial resolution of 7.5 km 2 . We test Te values of 10 -40 km (Te model step of 1 km) for each plate and vertical plate-boundary force (Va) values of 0.0 --3.0 × 10 12 N/m (Va model step of 0.1 × 10 12 N/m; the negative sign denotes a downward-directed force). We again compare the modeled flexure to basin depths and calculate the RMSE within the areas of interest (AOIs, Fig. 4). The best-fit model for the southern foreland has Te = 26 km and Va = -0.2 × 10 12 N/m, with a RMSE of 570 m; for the northern foreland the best-fit model has Te = 32 km and Va = -0.7 × 10 12 N/m with a RMSE of 402 m (Fig. 6). The maximum depths of deflection are significantly larger in these models: 6760 m for the southern foreland and 8560 m for the northern foreland.

Cenozoic timesteps, continuous plate

The goal in this phase of modeling is to determine the combination of topographic 2, Fig. 7). The best-fit τ factor for the Oligocene is 1.1 and 1.2 for the retro-and pro-foreland basins, respectively, suggesting a period of limited topographic decay from the Oligocene to the present. These results indicate a period of rapid topographic growth lasting through the Eocene, followed by minor topographic growth during the Oligocene and limited topographic decay from the Miocene to the present (Fig. 8).

The modeling of the evolution of Te shows a general trend of increasing rigidity through time. Results suggest that both plates had lower Te at the onset of orogenesis (η factor of 0.6), which increased steadily to a η factor of 0.9 in the Oligocene (Te=21 and 14 km for the European and Iberian plates, respectively), until reaching modern values (η = 1; Fig. 7, Table 2).

DISCUSSION

Summary of results

The combination of flexural modeling and foreland-basin reconstructions permits a first-order estimate of the evolution of Pyrenean topography since the Paleocene (Fig. 8).

Using the best-fit parameters from the continuous-plate model, we find that the topographic load of the Pyrenees increased by a factor of two from the Bartonian to the end of the Eocene (ca. 41-34 Ma; Fig. 8, Table 2). The results also suggest that the topography has been relatively stable since the end of the Eocene, with only limited growth and decay (Fig. 8).

Below, we focus our discussion on the suitability of a broken vs. continuous-plate model, the reasons why our model does not fit the basin geometry everywhere, comparison with other paleotopographic and thermochronologic studies of the Pyrenees, and the implications of our results for the history of the Pyrenees.

Te results

Te can be a useful lithospheric parameter that generally represents the rigidity of the lithosphere, but integrates thermal structure, composition, crust-mantle dynamics, and bending stresses [START_REF] Burov | The effective elastic thickness (Te) of continental lithosphere: What does it really mean?[END_REF][START_REF] Watts | Lithospheric strength and its relationship to the elastic and seismogenic layer thickness[END_REF]. The exact relationship between Te and these variables is not straightforward, thus overinterpreting modeled Te values should be avoided. Our results suggest that (a) the European plate is slightly more rigid than the Iberian plate and (b) Te increased through time. The observation of Te increasing through time was previously documented in the Aquitaine Basin by [START_REF] Desegaulx | Consequences of foreland basin development on thinned continental lithosphere: Application to the Aquitaine basin (SW France)[END_REF], who attributed it to the transient thermal state of the lithosphere. We further posit that as convergence proceeds, structurally weakened lithosphere is preferentially incorporated into the developing orogen. In looking at the RMSE plot for the present day, it appears that the Te of the Iberian plate is better constrained than that of the European plate (Fig. 5). This trend may result from more along-strike structural variation in the northern than the southern foreland basin. Modeled Te values fall broadly into the range of values for continental crust in collisional zones (~5-50 km; Burov and Diament, 1994 and references therein;[START_REF] Watts | Isostasy and Flexure of the Lithosphere[END_REF] and is consistent with previous flexural studies conducted in the Pyrenees (~10-30 km, Supplementary Table S1).

Continuous vs. broken plate model

In the course of our study we modeled lithospheric flexure using both a continuousand broken-plate model set up. Other flexural modeling studies for the Pyrenees found it necessary to add a vertical plate-boundary force or additional, subsurface loads in order to accurately model the observed deflection [e.g., [START_REF] Brunet | The influence of the evolution of the Pyrenees on adjacent basins[END_REF]Millán et al., 1995;[START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF][START_REF] Angrand | Lateral variations in foreland flexure of a rifted continental margin: the Aquitaine Basin (SW France)[END_REF]. In contrast, we found that both continuous-and broken-plate models can predict the modern foreland-basin geometries with acceptable accuracy (RMSE ~500 m) but with different best-fit predictions for Te; the broken-plate model predicts a higher Te than the continuous-plate model (Figs. 5 and6).

Implementing a broken-plate model allowed testing the influence of vertical plateboundary forces (e.g., subduction-related forces) on lithospheric flexure. Our best-fit results

for the broken-plate model predict a vertical downward plate-boundary force between -0.1 and -0.7 × 10 12 N/m. These magnitudes are in the low range for such forces; previous flexural modeling studies in the Pyrenees required higher-magnitude forces (absolute value ≥ 1 × 10 12 N/m) [START_REF] Brunet | The influence of the evolution of the Pyrenees on adjacent basins[END_REF]Millán et al., 1995;[START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF]. A broad range of flexural studies suggest typical plate-boundary forces are >1 × 10 12 N/m [START_REF] Royden | The tectonic expression of slab pull at continental convergent boundaries[END_REF][START_REF] Turcotte | Geodynamics, Third Edit[END_REF]. While our preferred plate-boundary forces are lower in magnitude than those inferred by previous studies, they are supported by results from thermomechanical modeling of a Pyrenean-type orogen, which predicts plate boundary forces in the range of 0 to -0.6 × 10 12 N/m at ~130-170 km of shortening (Supplementary Fig. S8). The Pyrenean orogen results from low-convergence intracontinental collision; the relatively low plate-boundary forces are explained by the lack of a significant and long-lived slab and the relatively high buoyancy of the two plates. We choose to utilize a continuous plate model for the second stage because ( 1) it produces a lower RMSE, (2) the magnitudes of the plateboundary forces we find in the broken-plate model are low, and ( 3) there is no valid reason to consider the plates separately.

Influence of buried loads

The two positive Bouguer gravity anomalies found in the northern Pyrenees are interpreted to be caused by dense lower crust or mantle emplaced in the upper crust through imbrication during Cenozoic orogenesis [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Casas | Gravity anomaly map of the Pyrenean region and a comparison of the deep geological structure of the western and eastern Pyrenees[END_REF][START_REF] Pedreira | Three-dimensional gravity and magnetic modeling of crustal indentation and wedging in the western Pyrenees-Cantabrian Mountains[END_REF]. The dimensions, locations, and density of these crustal anomalies are well-constrained by gravity modeling, regional tomography, and other geophysical studies [START_REF] Chevrot | High-resolution imaging of the Pyrenees and Massif Central from the data of the PYROPE and IBERARRAY portable array deployments[END_REF]. We find that including a denser area of crust in the region of the gravity anomalies improves the fit of the continuous-plate model. However, the improvement is minor, with a RMSE of 450 m including density variations versus 458 m without density variations, and no change to the best-fit Te (Supplementary Fig. S7). The difference in the magnitude of deflection produced by the two models is <70 m. In short, these dense bodies have only a minor effect on the magnitude of flexure beneath the foreland basins. The calculated effect of these dense bodies is smaller than inferred in previous 2D modeling studies [e.g., Angrand et al., 2018] because we are able to consider their limited lateral extent in a 3D flexural model.

Discussion of misfit

The flexural model we employ is intended to predict the first-order geometry of the foreland basin, but not smaller-scale structures. Some degree of misfit due to second-order structures is expected. In observing the map of the misfit between the observed and modeled foreland-basin geometry (Figs. 5B and6B), there is a broad along-strike trend of positive misfit in the west (i.e., the observed foreland basin is deeper than the modeled) and negative misfit in the east (the observed foreland basin is shallower than the modeled). This trend may reflect regional tectonics; east of the Pyrenean system extension linked to rifting in the Gulf of Lions dominates, causing Neogene uplift from the Catalan Coastal Ranges to the Gulf of Lions [Fig. 1;Sérranne et al., 1995;[START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF] and thinning of the eastern Pyrenean crustal root [START_REF] Jolivet | Continental breakup and the dynamics of rifting in back-arc basins: The Gulf of Lion margin[END_REF]Chevrot et al., 2018]. West of the Aquitaine Basin, subsidence due to Mesozoic extension and oceanic crust accretion may cause additional deepening of the basin [e.g. [START_REF] Angrand | Lateral variations in foreland flexure of a rifted continental margin: the Aquitaine Basin (SW France)[END_REF]. In our model results most of the misfit can be attributed to preexisting structures or the influence of recent tectonics and is concentrated on the flanks of the system. We identify three regions with particularly high misfit (>1000 m; Fig. 5B) and discuss them below.

In the eastern Aquitaine Basin, a large negative misfit occurs proximal to the Massif Central, a Hercynian basement massif that pre-dates the Pyrenean Orogen (Fig. 1). The Massif Central was warped upward during the Pyrenean orogeny and remained a high throughout the Cenozoic [START_REF] Ziegler | Cenozoic uplift of Variscan Massifs in the Alpine foreland: Timing and controlling mechanisms[END_REF], although the amount of exhumation that occurred since the Mesozoic was not sufficient to reset low-temperature thermochronometers [START_REF] Barbarand | Burial and exhumation history of the south-eastern Massif Central (France) constrained by apatite fission-track thermochronology[END_REF]. Volcanism and drainage patterns suggest renewed uplift in the Miocene [START_REF] Michon | The evolution of the Massif Central Rift; spatio-temporal distribution of the volcanism[END_REF], a time when extension in the Gulf of Lions influenced the eastern Pyrenean region [START_REF] Séranne | Structural style and evolution of the Gulf of Lion Oligo-Miocene rifting: role of the Pyrenean orogeny[END_REF]. The Massif Central has apparently been a long-standing positive topographic feature, and whether the longevity of the topography is due to lithospheric stability or volatility is a matter of debate; however, in the Pyrenean retroforeland, the area adjacent to the Massif Central failed to subside similar to the rest of the foreland, resulting in a large negative misfit in the flexural model.

In the western Ebro Basin, a large-magnitude positive misfit occurs where the Iberian Range converges towards the Pyrenees. The Iberian Range is an intra-plate mountain range comprising a series of northeast-vergent thrusts that were active from the Late Eocene to the Miocene [START_REF] Salas | Mesozoic extensional tectonics, stratigraphy and crustal evolution during the Alpine cycle of the eastern Iberian basin[END_REF][START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF]. Reverse faults related to deformation of the Iberian Range propagated into the foreland, thickening the foreland-basin sequence and influencing the flexural behavior of the Iberian lithosphere [START_REF] García-Senz | The Late Cretaceous-Early Paleocene foreland basin sequence, the South-Pyrenean basins, in The Geology of Iberia: A Geodynamic Approach[END_REF]. However, deepening of the basin is not only a result of an additional topographic load, because the topography of the Iberian Range is incorporated into our flexural model. More research on the structural style and basin fill in the western Ebro Basin is needed to clarify the anomalous basin depth in that area.

A large-magnitude positive misfit also characterizes the western Aquitaine Basin; examination of the foreland-basin profile in this area reveals a flat base that is broken by faulting, rather than the smooth flexural profile seen elsewhere. We interpret that portion of the foreland basin to be heavily influenced by pre-existing extensional structures and thermal subsidence, which is supported by recent independent flexural and thermal modeling [START_REF] Angrand | Lateral variations in foreland flexure of a rifted continental margin: the Aquitaine Basin (SW France)[END_REF]. The western Aquitaine Basin is therefore shaped both by Pyrenean flexure and by Mesozoic extension.

Comparison with other paleotopography studies

Few studies have explicitly investigated Pyrenean paleotopography; the results of our study are consistent with the few available constraints for the Eocene elevation of the Pyrenees. [START_REF] Huyghe | Oxygen isotopes of marine mollusc shells record Eocene elevation change in the Pyrenees[END_REF] used the oxygen stable-isotope record and morphologichydrologic modeling to suggest that the Pyrenees rose to 2000 m in the Eocene (49-40 Ma), followed by topographic steady state. We can refine this prediction, as we find that the total topographic growth occurred over a longer time interval (into the Oligocene), but we similarly find that most rapid growth occurred in the Eocene and to an equivalent magnitude, followed by a period of relative topographic stability. Similar to our study, Millán et al.

[1995] utilized a flexural model and the stratigraphic record to deduce paleotopography; however, they focused on the Ebro Basin and implemented a 2D flexural model along a cross-section. They found that mid-Eocene maximum paleo-elevations were 2000 m, which is equivalent to our maximum elevation results for the mid-Eocene of 2000 ± 460 m (Fig. 8, Table 2).

In contrast to these results, a palynological study of Late-Miocene sediments of the Cerdanya basin in the eastern Pyrenees [Location in Fig. 1; [START_REF] Suc | The use of pollen floras as a tool to estimate palaeoaltitude of mountains: The eastern Pyrenees in the Late Neogene, a case study[END_REF],

suggested that up to 1.2 km of uplift occurred in that region since ~10 Ma. Supposing these results to be robust, they require a different topographic history for the easternmost Pyrenees, which are affected by Miocene extensional tectonics in the Gulf of Lions [e.g., [START_REF] Lewis | High mountains in a zone of extended crust: Insights into the Neogene-Quaternary topographic development of northeastern Iberia[END_REF][START_REF] Jolivet | Continental breakup and the dynamics of rifting in back-arc basins: The Gulf of Lion margin[END_REF], than for the central and western Pyrenees.

A striking geomorphic feature of the Pyrenees is the presence of numerous low-relief surfaces at high elevations (2000-3000 m). These features have been described and debated for many years [START_REF] De Sitter | Pliocene uplift of Tertiary mountain chains[END_REF][START_REF] England | Surface uplift, uplift of rocks, and exhumation of rocks[END_REF][START_REF] Babault | Origin of the highly elevated Pyrenean peneplain[END_REF], with some attributing them to a period of peneplanation that lowered the relief of the Pyrenees, followed by a period of extensive Neogene uplift bringing them to their modern elevation [START_REF] De Sitter | Pliocene uplift of Tertiary mountain chains[END_REF][START_REF] Brunet | The influence of the evolution of the Pyrenees on adjacent basins[END_REF]. Others argue that these surfaces can form at high elevations if extensive foreland-basin sedimentation increases base level, thus lowering the erosive efficiency [START_REF] Coney | Syntectonic burial and post-tectonic exhumation of the southern Pyrenees foreland fold-thrust belt[END_REF][START_REF] Babault | Origin of the highly elevated Pyrenean peneplain[END_REF], or that they could be partly due to efficient glacial and periglacial erosion during Quaternary glaciations [START_REF] Gunnell | Comment on "Origin of the highly elevated Pyrenean peneplain[END_REF]. The results of our study do not support a period of Neogene topographic growth of the magnitude required for the first hypothesis. Rather, our results indicate relative topographic stability since the Eocene, with a period of minor topographic decay since the Oligocene (Fig. 8).

Thus, our findings are consistent with the low-relief surfaces having formed at similar high elevations to those at which they are currently found.

Comparison with the thermochronological record

Our modeling results suggest that the bulk of topographic growth occurred in the Eocene (Fig. 8), followed by relative topographic stability. Our proposed topographic evolution is consistent with the thermal evolution established by numerous thermochronologic studies. The first documented cooling (from bedrock thermochronology) began ca. 50 Ma in the northern Axial Zone, based on apatite fission track (AFT), zircon fission track (ZFT), and K-feldspar 40 Ar/ 39 Ar data [START_REF] Yelland | Fission track thermotectonics in the Pyrenean Orogen[END_REF][START_REF] Morris | Exhumation of the Pyrenean orogen: implications for sediment discharge[END_REF][START_REF] Fitzgerald | Asymmetric exhumation across the Pyrenean Orogen; implications for the tectonic evolution of a collisional orogen[END_REF][START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF][START_REF] Metcalf | Thermochronology of a convergent orogen: Constraints on the timing of thrust faulting and subsequent exhumation of the Maladeta Pluton in the Central Pyrenean Axial Zone[END_REF]. A period of rapid exhumation from ca. 37-30 Ma is documented in the southern Axial Zone by AFT and apatite (U-Th)/He (AHe) data [START_REF] Fitzgerald | Asymmetric exhumation across the Pyrenean Orogen; implications for the tectonic evolution of a collisional orogen[END_REF][START_REF] Sinclair | Asymmetric growth of the Pyrenees revealed through measurement and modeling of orogenic fluxes[END_REF][START_REF] Gibson | Late-to post-orogenic exhumation of the Central Pyrenees reveal through combined thermochronological data and modelling[END_REF][START_REF] Metcalf | Thermochronology of a convergent orogen: Constraints on the timing of thrust faulting and subsequent exhumation of the Maladeta Pluton in the Central Pyrenean Axial Zone[END_REF][START_REF] Rushlow | Exhumation of the southern Pyrenean fold-thrust belt (Spain) from orogenic growth to decay[END_REF]. Thermal modeling of AFT and AHe data indicates that cooling slowed significantly after ca. 30 Ma [START_REF] Fillon | Post-orogenic evolution of the southern Pyrenees: constraints from inverse thermo-kinematic modelling of low-temperature thermochronology data[END_REF], but scattered young cooling ages indicate continued local exhumation as recently as 10 Ma [START_REF] Gibson | Late-to post-orogenic exhumation of the Central Pyrenees reveal through combined thermochronological data and modelling[END_REF][START_REF] Jolivet | Thermochronology constraints for the propagation sequence of the south Pyrenean basement thrust system (France-Spain)[END_REF][START_REF] Rushlow | Exhumation of the southern Pyrenean fold-thrust belt (Spain) from orogenic growth to decay[END_REF]. These thermochronology results provide a mechanism to explain the topographic evolution we propose. The topography of the Pyrenees increased concurrently with documented rapid exhumation due to the convergence between the Iberian and European plates that formed the orogen. The stabilization of topography following the Eocene tracks the rapid decrease in exhumation rates. Our results do not predict an increase in topography to accompany the locally young (<10 Ma) cooling ages, suggesting an interesting juxtaposition of slow topographic decay with significant rock exhumation.

Stable high late-to post-orogenic topography

We provide evidence that the Pyrenean mountain belt maintained relatively steady, high topography for ca. 30 m.y., with potentially ~300 meters of topographic decay since the Oligocene (Fig. 8). Erosion of foreland rocks and exposure of Oligocene and Eocene deposits in the eastern foreland basins supports a period of post-orogenic rebound (Fig. 1). The sustained high topography in the Pyrenees is enigmatic because active convergence is interpreted to have slowed in the Oligocene and ceased by the early Miocene [START_REF] Burbank | Coeval hindward-and forward-imbricating thrusting in the south-central Pyrenees, Spain: Timing and rates of shortening and deposition[END_REF][START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Vergés | The Pyrenean orogen: pre-, syn-, and postcollisional evolution, in Reconstruction of the Evolution of the Alpine-Himalayan Orogen[END_REF]. Simple, first-order models of topographic evolution predict the topography of mountain belts to decay exponentially after cessation of orogenic uplift [e.g. [START_REF] Stephenson | Flexural models of continental lithosphere based on the long-term erosional decay of topography[END_REF][START_REF] Tucker | A model for post-orogenic development of a mountain range and its foreland[END_REF]. The exponential decay rate can be modified, however, by multiple factors including variable climate or lithology, the (visco-) elastic response of the lithosphere, and the controls on fluvial incision rates [START_REF] Stephenson | Flexural models of continental lithosphere based on the long-term erosional decay of topography[END_REF][START_REF] Baldwin | Implications of the shear stress river incision model for the timescale of postorogenic decay of topography[END_REF][START_REF] Tucker | A model for post-orogenic development of a mountain range and its foreland[END_REF].

We propose that a combination of isostatic, lithologic, and geomorphic factors can explain the inferred post-Eocene topographic evolution. Several studies demonstrate the importance of endorheism and subsequent excavation of the Ebro Basin for the modern morphology of the Pyrenees [START_REF] Coney | Syntectonic burial and post-tectonic exhumation of the southern Pyrenees foreland fold-thrust belt[END_REF][START_REF] Garcia-Castellanos | Interplay between the tectonics, climate, and fluvial transport during the Cenozoic evolution of the Erbo Basin (NE Iberia)[END_REF][START_REF] Fillon | Post-orogenic evolution of the southern Pyrenees: constraints from inverse thermo-kinematic modelling of low-temperature thermochronology data[END_REF]. The late Eocene-Oligocene tectonic uplift of the Basque-Cantabrian basin closed the Ebro Basin [START_REF] Costa | Closing and continentalization of the South Pyrenean foreland basin (NE Spain): magnetochronological constraints[END_REF], causing thick (up to 3 km) conglomerates to backfill the south-Pyrenean valleys [START_REF] Coney | Syntectonic burial and post-tectonic exhumation of the southern Pyrenees foreland fold-thrust belt[END_REF]. In the mid-Miocene, the Ebro Basin connected to the Mediterranean producing a massive drop in base level that caused the Ebro River to cut headward and re-excavate the topography of the Pyrenees [START_REF] Coney | Syntectonic burial and post-tectonic exhumation of the southern Pyrenees foreland fold-thrust belt[END_REF][START_REF] Garcia-Castellanos | Interplay between the tectonics, climate, and fluvial transport during the Cenozoic evolution of the Erbo Basin (NE Iberia)[END_REF][START_REF] Garcia-Castellanos | Quantifying the post-tectonic topographic evolution of closed basins: The Ebro basin (northeast Iberia)[END_REF]. Structural and thermochronologic data indicate significant exhumation of the Axial Zone by the Oligocene, with durable basement rocks exposed in the core of the orogen (Fig. 1). With the Ebro Basin closed, surface processes were less effective at eroding the exposed basement rocks, facilitating topographic stability. Following the Miocene drop in base level, erosive efficiency increased and the first-order topography of the Pyrenees decreased to the present level. Modeling of the fluvial response produced by such a fall in base level could test the viability of this explanation for the Oligocene to present topographic evolution.

CONCLUSIONS

Establishing paleotopography is a necessary but problematic issue in geodynamic research. In this contribution we present an approach to constrain the first-order topography of an orogen using flexural modeling and geologic data. Using the Pyrenees as a study area, we take a more comprehensive approach than previous studies by: ( 1 * RMSE values are the error between the modeled and predicted stratigraphic surfaces.

  For an additional 17 cross-sections (five of which are published structural cross-sections for which no restoration exists, and 12 of which are unpublished cross-sections; Fig 4A) we use traditional backstripping techniques. The backstripping process involves removing the top stratigraphic layer, calculating the decompaction of each remaining layer, calculating any isostatic rebound associated with the removal of material, and finally considering paleo-bathymetry of the top stratigraphic layer

  of the model domain. Te is allowed to vary across the North Pyrenean Fault, allowing different values for the European and Iberian plates. We ran 961 iterations at a spatial resolution of 7.5 km 2 . For each iteration we systematically changed Te (model step in Te of 1 km, all other parameters held constant), testing values of 5 -35 km for each plate. The bestfit model employs Te = 16 km for the Iberian plate and Te = 23 km for the European plate, giving a RMSE of 458 m (Fig. 5A). Maximum depths of modeled deflection are 4517 m in the southern foreland and 2926 m in the northern foreland. In the course of this study we also tested how spatial variations in Te and in-plane (horizontal) stresses influence the flexure.

  e. buried loads) can improve the goodness of fit of the continuous-plate model. The density variation is designed to mimic the observed gravity anomalies in the northern Pyrenees (see section 3.3). Te again varies across the North Pyrenean Fault. We ran 63 iterations at a spatial resolution of 7.5 km 2 . For each iteration we systematically changed Te (model step in Te of 2 km, all other parameters held constant), testing values of 10 -26 km for each plate. The best-fit model employs Te = 16 km for the Iberian plate and Te = 22 km for the European plate with a RMSE of 450 m. Maximum depths of deflection are 4555 m in the southern foreland and 2967 m in the northern foreland. The magnitude of deflection, pattern of misfit, and values of Te produced by this model are all comparable to those of the previous model, emphasizing the robust nature of these results (Supplementary Fig. S7).

  load and Te that best predicts the restored foreland-basin geometry for four key Cenozoic times in the past: the end of the Paleocene (ca. 56 Ma), the mid-Eocene (ca. 38 Ma), the end of the Eocene (ca. 34 Ma), and the Oligocene (end of the Oligocene, 23 Ma, for Aquitaine, Oligo-Miocene, <23 Ma, for Ebro Basin). Results for each considered time interval are tabulated in Table2and shown graphically in Figure7. We report the best-fit results of topographic load as a τ factor, i.e. a proportion of modern topography, with the corresponding maximum and mean topography based on the modern maximum and mean of 3080 m and 1470 m, respectively. We report the best-fit results of Te for each plate as an η factor, i.e. a proportion of the best-fit Te from the present-day continuous plate simulation, with the corresponding Te value.The modeling results show the topographic load generally increasing from the Paleocene to the present, though not at a constant rate. The topographic load nearly doubled from the Paleocene to the Eocene: the τ factor increased from 0.6 to 1.0 in the Aquitaine retro-foreland (RMSE ranging from 218-345 m), and from 0.5 to 0.9 in the Ebro pro-foreland (RMSE ranging from 203-713 m; Table
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Table 2 .

 2 Upper curve is maximum topography and lower curve is mean topography. Gray envelope represents the range of values calculated based on results from the two different plates.

	Parameter	Value	Unit
	Crustal density (crustal root)	2800	kg/m
	Load density (crystalline load)	2800	kg/m
	Sediment density (basin fill)	2500	kg/m
	Mantle density	3300	kg/m
	Young's modulus	7 x 10 10	Pa	
	Poisson's ratio	0.3		
	Gravitational acceleration	9.8	m/s	2

Table 1 . Model parameters

 1 *The range on max and mean topography are from the different results for the European and Iberian plates.

										Max topography	Mean topography
		𝞃	𝝶	RMSE* (m)	Te (km)	𝞃	𝝶	RMSE* (m)	Te (km)	(m)**	(m)**
	End of Paleocene	0.6	0.6	345	13.8	---	---	---	---	1848	880
	Mid-Eocene	0.8	0.7	218	16.1	0.5	0.6	713	9.6	1540-2460	730-1180
	End of Eocene	1	0.7	220	16.1	0.9	0.7	238	11.2	2770-3080	1320-1470
	End of Oligocene	1.1	0.9	223	20.7	1.2	0.9	203	14.4	3390-3700	1620-1760
	MODERN	1	1		23	1	1		16	3080	1470

*

Table 2 . Paleo-topography and flexure European Plate: Iberian Plate: Orogen:

 2 
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topography of the Pyrenees since the Oligocene may be explained in part by endhoreism and subsequent Miocene excavation of the Ebro Basin. The topographic history we present can be used in future studies to further our understanding of the feedbacks between tectonics and surface processes in the Pyrenees and other orogens. An increase in τ corresponds to a higher modeled topographic load. (B) and (C) RMSE maps