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Introduction

Geological context and motivation

Uturuncu volcano, located in Bolivia, has shown an impressive pattern of deformation whose potential to be an eruption precursor has generated much interest. A circular uplift surrounded by an annular subsidence, both centred on the volcano, were revealed by INSAR data between 1992 and 2017 [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF][START_REF] Lau | Variations in the long-term uplift rate due to the Altiplano-Puna magma body observed with Sentinel-1 interferometry[END_REF]. The 60 km width uplift was first observed by INSAR in 1992 [START_REF] Pritchard | A satellite geodetic survey of large-scale deformation of volcanic centres in the central Andes[END_REF][START_REF] Lau | Variations in the long-term uplift rate due to the Altiplano-Puna magma body observed with Sentinel-1 interferometry[END_REF][START_REF] Gottsmann | 50 years of steady ground deformation in the Altiplano-Puna region of southern Bolivia[END_REF], but, this uplift could go back to 1965 [START_REF] Gottsmann | 50 years of steady ground deformation in the Altiplano-Puna region of southern Bolivia[END_REF]. The subsidence has a much smaller amplitude than the uplift and for that reason was not detected initially, but it now seems probable that they started at the same time [START_REF] Gottsmann | 50 years of steady ground deformation in the Altiplano-Puna region of southern Bolivia[END_REF]. The simultaneity of continuous uplift and subsidence is, at first sight, different to what has been observed at many other systems, and therefore most intriguing. The rate of uplift determined from satellite data was fast between 1992 and 2010 (about 1 cm•yr -1 ), then it has slowed down since 2010 and tended toward 0 since 2017 [START_REF] Lau | Variations in the long-term uplift rate due to the Altiplano-Puna magma body observed with Sentinel-1 interferometry[END_REF]. GPS data acquired between 2010 and 2015 also show a slowing down of surface deformation [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. Uturuncu volcano belongs to the Altiplano Puna Volcanic Complex (APVC), which extends over parts of Bolivia, Argentina and Chile. This volcano and the surrounding area were studied during the PLUTONS project, which started in 2009 and whose synthesis was recently published, making this area well documented [START_REF] Kern | Geochronological imaging of an episodically constructed subvolcanic batholith: U-Pb in zircon chronochemistry of the Altiplano-Puna Volcanic Complex of the Central Andes[END_REF][START_REF] Perkins | Topographic constraints on magma accumulation below the actively up-lifting Uturuncu and Lazufre volcanic centers in the Central Andes[END_REF][START_REF] Shen | A one-dimensional seismic model for Uturuncu volcano, Bolivia, and its impact on full moment tensor inversions[END_REF][START_REF] Kukarina | Focused magmatism beneath Uturuncu volcano, Bolivia: Insights from seismic tomography and deformation modeling[END_REF][START_REF] Farrell | Seismic attenuation, time delays, and raypath bending of teleseisms beneath Uturuncu volcano, Bolivia[END_REF][START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF][START_REF] Gottsmann | Thermomechanical modeling of the Altiplano-Puna deformation anomaly: Multiparameter insights into magma mush reorganization[END_REF][START_REF] Naranjo | Volcanism and tectonism in the southern Central Andes: Tempo, styles, and relationships[END_REF][START_REF] Gottsmann | 50 years of steady ground deformation in the Altiplano-Puna region of southern Bolivia[END_REF][START_REF] Pritchard | Synthesis: PLUTONS: Investigating the relationship between pluton growth and volcanism in the Central Andes[END_REF][START_REF] Mcfarlin | Receiver function analyses of Uturuncu volcano, Bolivia and vicinity[END_REF][START_REF] Lopez | New insights into the magmatic-hydrothermal system and volatile budget 34 of Lastarria volcano, Chile: Integrated results from the[END_REF].

The APVC region has been the location of several cycles of violent eruptions that formed large calderas [START_REF] De Silva | Episodic construction of batholiths: Insights from the spatiotemporal development of an ignimbrite flare-up[END_REF][START_REF] Naranjo | Volcanism and tectonism in the southern Central Andes: Tempo, styles, and relationships[END_REF]. Altogether, 11 calderas, whose diameters range between 10 and 45 km, were formed during the last 25 Ma. They were related to 15 ignimbrite deposits, corresponding to a total magma volume between ≈ 2,950 and ≈ 3,450 km 3 [START_REF] Naranjo | Volcanism and tectonism in the southern Central Andes: Tempo, styles, and relationships[END_REF]. [START_REF] De Silva | Large ignimbrite eruptions and volcano-tectonic depressions in the Central Andes: A thermomechanical perspective[END_REF] estimated that the total volume of erupted magma could be ≥ 15,000 km 3 for the whole APVC. The APVC is linked to a large low velocity zone located at 25 km below sea level [START_REF] Pritchard | Synthesis: PLUTONS: Investigating the relationship between pluton growth and volcanism in the Central Andes[END_REF], whose volume has been estimated at 500,000 km 3 with nearly 25% partial melt [START_REF] Ward | Seismic imaging of the magmatic underpinnings beneath the Altiplano-Puna volcanic complex from the joint inversion of surface wave dispersion and receiver functions[END_REF]. Based on electric resistivity, [START_REF] Laumonier | Giant magmatic water reservoirs at mid-crustal depth inferred from electrical conductivity and the growth of the continental crust[END_REF] showed that this Altiplano Puna Magma Body (APMB) has ultra-hydrated magma, containing about 10 %wt of water. This enormous reservoir could have contributed to the very large wave-length uplift at the scale of the Altiplano [START_REF] Perkins | Surface uplift in the Central Andes driven by growth of the Altiplano Puna Magma Body[END_REF], i.e., much larger than the uplift at Uturuncu which is the focus of the present paper.

One key question raised by this information is whether the spectacular deformation centred on Uturuncu might be precursor to a large silicic eruption similar to those just referred to, involving shallow magma storage. To answer this question requires understanding of the depth and physical mechanism of storage and hence of the stress state in the shallow crust that might lead to instability and eruption. For the ensemble of caldera eruptions referred to above, the average petrologically determined pre-eruptive storage depth of magma is between 4 and 8 km [START_REF] De Silva | Large ignimbrite eruptions and volcano-tectonic depressions in the Central Andes: A thermomechanical perspective[END_REF]. The last eruption of Uturuncu volcano was 250 ka ago. Erupted magmas were mostly dacitic [START_REF] Muir | Experimental constraints on dacite pre-eruptive magma storage conditions beneath uturuncuvolcano[END_REF]. [START_REF] Muir | Experimental constraints on dacite pre-eruptive magma storage conditions beneath uturuncuvolcano[END_REF] showed that the magma-storage depth before eruption was between 3.8 ± 1.9 km below the Altiplano's mean altitude.

Previous models

The presence of the subsidence moat is a key issue because it cannot be explained by a single source in an elastic half space, which has been the standard approach for interpreting volcano deformation for several decades. We also note that the considerable width of the deformation signal, within the latter model framework, implies a deep source. Three more elaborate models have currently been put forward to try to explain the pattern of deformation at Uturuncu volcano. [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF] propose that it is the signal of a rising diapir at the APMB. In their model, the growth of the plume head is responsible for the uplift. The draining of magma from the APMB into the diapir is postulated to cause the subsidence around the uplift. [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] have proposed a system with two sources in an elastic half-space to explain the subsidence around the uplift zone. One source is deep, has negative pressure, and is responsible for the subsidence. The second source is shallower, has positive pressure and is responsible for the uplift. Taking into account the observation of seismic anomalies, [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] considered in their model two sources at 20 km and 70 km depth respectively. To reproduce correctly the observed deformations, the ratio between the volume change at depth and the volume increase of the shallow source is 10:1. This solution requires that the deep source loses a volume ≈10 times greater than that causing pressurization of the shallow source, which is hard to reconcile with mass conservation. We note also that neither of these sources correspond to the much shallower depths of pre-eruptive storage referred to above, albeit that this is not a requirement. Finally, [START_REF] Gottsmann | Thermomechanical modeling of the Altiplano-Puna deformation anomaly: Multiparameter insights into magma mush reorganization[END_REF] suggest the deformation may be due to the transport through the crust of fluid exsolved during mush destabilization in a column-shaped structure extending from APBM. They further suggest that subsequent degassing of these exsolved volatiles leads the deformation to reverse, in order to explain why sediments in the surrounding lakes do not appear to show a permanent tilt [START_REF] Perkins | Topographic constraints on magma accumulation below the actively up-lifting Uturuncu and Lazufre volcanic centers in the Central Andes[END_REF]. We will discuss further these models later, and conclude these preliminary remarks by noting that the previous modelling attempts all require quite a lot of complexity even to capture the first order features of the data and hence that there is room for a fresh approach.

1.3. Motivation for a plate model [START_REF] Kay | Geochemical, isotopic and single crystal 40 Ar/ 39 Ar age constraints on the evolution of the Cerro Galán ignimbrites[END_REF] showed, in the case of Cerro Galán (a similar case further to the south) that the silicic magma was generated by ≈50% of crustal melting and ≈50% from differentiation of more mafic magma. Whether the silicic magma be produced by differentiation of mafic magma or by partial fusion of the crust, the presence of silicic magma implies that the crust is abnormally hot, and hence that the brittle-ductile transition should be shallow. In this region it is estimated to lie between 4.6 and 12.5 km [START_REF] Jay | Shallow seismicity, triggered seismicity, and ambient noise tomography at the long-dormant Uturuncu Volcano, Bolivia[END_REF], based on heat flow measurements and assuming different crustal lithologies [START_REF] Jay | Shallow seismicity, triggered seismicity, and ambient noise tomography at the long-dormant Uturuncu Volcano, Bolivia[END_REF]. Seismic data, however show very little seismicity beneath approximately 5 km [START_REF] Jay | Shallow seismicity, triggered seismicity, and ambient noise tomography at the long-dormant Uturuncu Volcano, Bolivia[END_REF] , and hence this value has been widely accepted in the literature as a plausible depth for the brittleductile transition [START_REF] Hickey | The large-scale surface uplift in the Altiplano-Puna region of Bolivia: A parametric study of source characteristics and crustal rheology using finite element analysis[END_REF][START_REF] Henderson | Decadal volcanic deformation in the central andes volcanic zone revealed by InSAR time series[END_REF][START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. Moreover, it appears to be relatively constant across the Altiplano based on measurements of high heat flow [START_REF] Springer | Heat-flow density across the central Andean subduction zone[END_REF] and associated thermal models of the crust after emplacement of the APMB [START_REF] De Silva | Episodic construction of batholiths: Insights from the spatiotemporal development of an ignimbrite flare-up[END_REF]. Magma storage models based on an elastic half-space are not consistent with these constraints.

In the region of Uturuncu, the crust is thus likely to be composed of an elastic and brittle layer underlain by ductile material. Indeed the layer overlying the BDT can, to first order, be considered to be an elastic plate of essentially infinite lateral extent which is relatively thin compared with the crustal thickness. [START_REF] Pérez-Gussinyé | Effective elastic thickness variations along the Andean margin and their relationship to subduction geometry[END_REF] show the calculation of the elastic thickness along the Andes based on inversion of gravity data. They point out that the elastic thickness is around 20 km below the Altiplano-Puna plateaus. But other authors also show that the implementation of the APMB in the crust, should result in a reduction of the elastic thickness just above it [START_REF] De Silva | Episodic construction of batholiths: Insights from the spatiotemporal development of an ignimbrite flare-up[END_REF][START_REF] Gottsmann | Thermomechanical modeling of the Altiplano-Puna deformation anomaly: Multiparameter insights into magma mush reorganization[END_REF] . This reduction is due to the increase of crust temperature around APMB. The Uturuncu volcano as show by [START_REF] Muir | a. Petrological imaging of an active pluton beneath Cerro Uturuncu, Bolivia[END_REF] is located in the center of the zone above the APMB. The distance between the Uturuncu and the boundary of the zone above APMB are ≈ 60 km to the North, ≈ 160 km to the East, ≈ 100 km to the South and ≈ 130 km to the West. As the total radial deformation in Uturuncu is ≈ 60 km, we admit that the hypothesis of an infinite plate is questionable in the North, but it is good approximation the East, South and West.

The value of ≈5 km for the elastic-plate thickness is not crucial here, indeed inversions detailed below cover a range of 4.5 to 12.5 km. The main point is the geometry of the considered storage, and by extension, that of the deformation source. That this thickness is of the same order as the pre-eruptive storage depth of the last eruption of Uturuncu and numerous large forming-caldera ones in the region, given their ages, may or may not be a coincidence. Nevertheless, these observational constraints may have profound implications for magma storage and motivated us to construct a new model framework which we test in this paper with the Uturuncu data. The deformation pattern (simultaneously involving uplift and subsidence) is reminiscent of that of an elastic plate. We decided to adapt a model from the literature to describe the deformation that would result from the storage of buoyant magma beneath a plate.

Finally, based on gravity data, structures resembling diapirs connected to the APMB were identified by [START_REF] Del Potro | Diapiric ascent of silicic magma beneath the Bolivian Altiplano[END_REF]. [START_REF] Del Potro | Diapiric ascent of silicic magma beneath the Bolivian Altiplano[END_REF] emphasize that dykes would be of a size beneath the resolving power of the method, giving support to a working hypothesis involving diapirs.

Rather than explaining the uplift at Uturuncu as due to growth of a diapir from the APMB, as done by [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF], we explore the idea that the deformation may result from the slow arrival of a diapir of buoyant magma beneath a plate on which it impinges.

Experimental reproduction of subsidence around a central uplift

In this section, we provide a qualitative experimental demonstration that buoyant fluid trapped beneath an elastic plate can produce uplift surrounded by subsidence. We performed lab experiments to reproduce this storage configuration in a simplified way.

Experimental setup

The silicic-magma diapir is expected to rise through the crust at low speed, such that it deforms slowly the ductile part of the crust. Because of this, we consider to first order that the ductile part of the crust does not accumulate a lot of stress due to the diapiric rise, i.e.. we assume that the ductile crust has a fluid rheology. We thus focus on the stage where magma is stored beneath the plate and we ignore the transient phase during which the diapir arrives just under the plate. This transient stage was already treated by [START_REF] Burov | Asymmetric three-dimensional topography over mantle plumes[END_REF].

Experiments were carried out in a Plexiglas square tank of 0.5 m side and 0.5 m high. The setup is illustrated by figure 1. The ductile part of the crust is represented by sugar solution. This is overlain by a 2 cm thick layer of gelatin, which was poured onto the sugar layer and allowed to solidify. This plate of gelatin has elastic rheology and represents the brittle and elastic upper crust. The Brittle Ductile Transition (BDT) is thus represented by the interface between the sugar solution and the gelatin plate. As explained above, we expect that the BDT is somewhat shallower in the zone beneath the volcanic focus, where diapirs arrive carrying excess heat. This thickness variation at the base of the gelatin layer was achieved in the experiments by positioning a Peltier (electric heater) in the centre of the tank, which allowed us to remelt some of the gelatin plate and create a hollow there.

Because the subsidence has a much smaller amplitude than the uplift that it surrounds, the uplift must be large in order for the subsidence to be measurable. To maximize the buoyancy of the stored fluid and thus produce a large uplift, air was injected below the plate with a needle. The injection was performed near the edge of the tank, i.e. distant from the measured zone at the centre, and then the bubbles were moved towards the cavity at the bottom of the elastic plate.

To measure deformation we use a Moiré method, as used by [START_REF] Delorme | Self-similar growth of a bimodal laboratory fan[END_REF] to measure the topography of an alluvial fan. Data acquisition and calculations of deformation were carried out using the software Light3D. Unlike [START_REF] Delorme | Self-similar growth of a bimodal laboratory fan[END_REF], we used the option that measures the topography of the gelatin surface both before and after air injection, and then calculate the resulting deformation by subtraction of the two.

Observed deformation

The deformation of the whole surface, as obtained from Light3D, is shown by figure 2.a. The central uplift (in red) is surrounded by a moat of subsidence (in blue).

The white colour corresponds to null deformation. To obtain a smoothed profile of deformation, many radial profiles were taken between angles Θ 1 and Θ 2 (grey curves on 2.b) and then averaged (red curve on 2.b). The maximum of subsidence is 0.14 ± 0.05 (mm•yr -1 ), figure 2.b. The injection zone is not visible in figure 2.a. The light-red zone near x = 0 m and y = 0.15 m is due to small air bubbles that got stuck and did not reach the hollow in the plate. Small roughness at (x = 0.14 m, y = 0.15 m) and (x = 0.17 m, y = 0.11 m) are due to imperfections of the gelatin surface.

The maximal uplift observed is 1.43 cm whereas the plate thickness is 2 cm. The deformation is thus comparable with the plate thickness, and so this case is beyond the realm of linear elasticity. Nevertheless, this experiment shows that a buoyant fluid beneath an elastic plate can produce deformation qualitatively similar to that observed at Uturuncu volcano. This result encouraged us to adapt a theoretical plate model to describe more quantitatively the deformation at Uturuncu volcano.

Theoretical model

The model described here is based on the one published by [START_REF] Melosh | On the origin of fractures radial to lunar basins[END_REF][START_REF] Melosh | The tectonics of mascon loading[END_REF]. The basic approach is to solve an elastic problem without making a thin plate approximation, which is useful because we do not know a priori whether the latter is applicable. Hence we are not restricted to the case in which the width of deformation must be large compared with the plate thickness.

The mathematical procedure (assuming axial symmetry) underlying this model is described by [START_REF] Ike | Love Stress Function Method for Solving Axisymmetric Elasticity Problems of the Eleastic Half-Space[END_REF]. The general solution of stresses in the plate produced by an external action is determined. Then, boundary conditions allow us to obtain the specific solution. In the most direct method of solution, the mathematical description is transformed from the real to a frequency domain, using a Hankel transform, and the boundary conditions are defined in the frequency domain. As in [START_REF] Melosh | On the origin of fractures radial to lunar basins[END_REF][START_REF] Melosh | The tectonics of mascon loading[END_REF], we assume linear elasticity, and that the plate is isotropic and homogeneous. Unlike in [START_REF] Melosh | On the origin of fractures radial to lunar basins[END_REF][START_REF] Melosh | The tectonics of mascon loading[END_REF], the external action is applied at the base of the plate and, secondly, the elastic slab has a variable thickness. The configuration of storage supposed is shown in figure 3. In the state before the liquid implementation in figure 3.a, there is no negative topography above the shallow-BDT part as we consider here that the plate density and the lower-medium one are equal (ρ c = ρ down ). This consideration does not change the model adaptation given below, which is also valid if ρ c = ρ down . The physical parameters shown in this figure are defined in table 1, which gives all the notations used in this paper.

We start with the general solution given by [START_REF] Melosh | The tectonics of mascon loading[END_REF], for the stresses in the plate. The vertical stress σ zz (r, z), the radial stress σ rr (r, z), the hoop stress σ θ θ (r, z) and shear

ρ up ρ c ; E ; ν ρ down H 0 H r = H 0 -T exp ( r a ) 2 BDT Before liquid implementation a r T a ρ up ρ c ; E ; ν ρ down H 0 H r = H 0 -T exp ( r a ) 2 BDT u z (r, z = 0) After liquid implementation b r ρ m T l a l Crust (elastic) Air (fluid)
Crust (ductile=fluid) Magma (fluid) stresses σ rz (r, z), σ rθ (r, z) and σ zθ (r, z) are given by where r is the radial position on the r axis, z the vertical position along the z axis, k is wave number and ν is Poisson's ratio. J 0 (kr) and J 1 (kr) are Bessel functions of order 0 and order 1 respectively. Finally, A, B, C, D are the arbitrary parameters that will be determined by boundary conditions.

σ zz (r, z) = - ∞ 0 J 0 (kr)[(A + Cz) cosh(kz) + (B + Dz) sinh(kz)]dk , (1) 
σ rr (r, z) = ∞ 0 J 0 (kr) - J 1 (kr) kr [(A + Cz) cosh(kz) + (B + Dz) sinh(kz)] + 2 k J 0 (kr) - (1 -ν) kr J 1 (kr) [D cosh(kz) + C sinh(kz)]dk , (2) 
σ θ θ (r, z) = ∞ 0 J 1 (kr) kr [(A + Cz) cosh(kz) + (B + Dz) sinh(kz)] + 2 k νJ 0 (kr) + (1 -ν) kr J 1 (kr) [D cosh(kz) + C sinh(kz)]dk , (3) 
σ rz (r, z) = ∞ 0 J 1 (kr) A + Cz + D k sinh(kz) + B + Dz + C k cosh(kz) dk , (4) 
σ rθ (r, z) = σ zθ (r, z) = 0 , (5) 
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The vertical and radial displacements, respectively u z (r, z) and u r (r, z), are given by

u z (r, z) = - ∞ 0 J 0 (kr) 1 + ν Ek A + Cz + 2ν -1 k D sinh(kz) dk - ∞ 0 J 0 (kr) 1 + ν Ek B + 2ν -1 k C + Dz cosh(kz)dk , (6) 
u r (r, z) = - ∞ 0 J 1 (kr) 1 + ν Ek A + Cz + 2(1 -ν) k D cosh(kz)dk - ∞ 0 J 1 (kr) 1 + ν Ek B + 2(1 -ν) k C + Dz sinh(kz)dk , (7) 
where E is Young's modulus.

The applied stress σ appl (r) is due to the positive buoyancy of the fluid beneath the plate. We describe this load using a Gaussian function. This is not a fundamental requirement but is used as a convenient mathematical form for the shape of the base of the plate whose Hankel transform is known. Thus,

σ appl (r) = w exp - r 2 a 2 = w a 2 2 ∞ 0 k exp - a 2 k 2 4 J 0 (kr) dk ( 8 
)
where a is the half-width of the Gaussian and w the buoyancy of the magma, i.e.

w = (ρ c -ρ m )g ρ c -ρ up ρ down -ρ up T , (9) 
where ρ c is crustal density, ρ m the magma density, ρ up the upper medium density, ρ down the lower medium density, g the acceleration due to gravity, and T the maximum source thickness at r = 0.

The shape of the plate bottom and hence of the source is written as

s(r) = ρ c -ρ up ρ down -ρ up T exp - r 2 a 2 . ( 10 
)
Buoyancy acts perpendicularly to the lower plate surface s(r). The applied stress σ appl (r) is broken down into two components, a vertical one σ appl zz (r) z and a horizontal one σ appl rz (r) r .

σ appl (r) =   σ appl (r) sin(γ) r σ appl (r) cos(γ) z   , ( 11 
)
where γ is the angle between the horizontal and the lower plate surface defined as

γ = tan -1 d s(r) dr . ( 12 
)
In the small angle approximation we have sin(γ) = γ, cos(γ) = 1 and tan(γ) = γ.

Equation ( 11) thus becomes

σ appl (r) =   σ appl rz (r) r = σ appl (r) d s(r) dr r σ appl zz (r) z = σ appl (r) z   . ( 13 
)
Hence the vertical component of the buoyancy force is

σ appl zz (r) = (ρ c -ρ m )g ρ c -ρ up ρ down -ρ up T exp - r 2 a 2 , σ appl zz (r) = (ρ c -ρ m )g a 2 2 ρ c -ρ up ρ down -ρ up T ∞ 0 k exp - a 2 k 2 4 J 0 (kr) dk , (14) 
and the radial one is

σ appl rz (r) = -(ρ c -ρ m )g ρ c -ρ up ρ down -ρ up T 2 2r a 2 exp -2 r 2 a 2 , σ appl rz (r) = - (ρ c -ρ m )g a 2 8 ρ c -ρ up ρ down -ρ up T 2 ∞ 0 k 2 exp - a 2 k 2 8 J 1 (kr) dk . ( 15 
)
Using linear elasticity, we calculate displacements and stresses due to each component and, applying the principle of superposition, sum the two solutions to obtain the total displacement, and the total stress.

Vertical components of the applied stress

For the vertical stress component applied at the bottom of the plate ( 14), the corresponding boundary conditions are

σ zz (z = -H r , r, k) = b zz (k) J 0 (kr), (16) 
σ rz (z = 0, r, k) = σ rz (z = -H r , r, k) = σ zz (z = 0, r, k) = 0 . ( 17 
)
where H r , the variable thickness of the plate, is

H r = H 0 -s(r) , (18) 
b zz (k) is a parameter defined to take into account forces that arise in the deformed state and are opposed to that applied to the plate's lower surface z = H r . It is given by

b zz (k) = w a 2 2 k exp -a 2 k 2 4 1 + F(k) . ( 19 
)
where

F(k) = 2(1 -ν 2 )(ρ c -ρ up )g Ek sinh(kH r ) cosh(kH r ) + kH r sinh 2 (kH r ) -(kH r ) 2 , (20) 
In many plate models, in which a load is applied to the upper plate surface [START_REF] Haxby | Thermal and mechanical evolution of the michigan basin[END_REF][START_REF] Watts | Isostasy and Flexure of the Lithosphere, chapter 3. Isostasy and Flexure of the Lithosphere[END_REF],

the opposing force is the Archimedes force exerted by the lower medium on the flexed plate. In our case, because the applied force bends the plate upward, the opposing force is the weight of the uplifted plate (ρ cρ up )g which appears in F(k).

Injecting ( 16) and ( 17) into equations ( 1) to [START_REF] Del Potro | Diapiric ascent of silicic magma beneath the Bolivian Altiplano[END_REF] gives

A zz = 0 , B zz = b zz (k) sinh(kH r ) + kH r cosh(kH r ) sinh 2 (kH r ) -(kH r ) 2 , C zz = -kB zz , (21) 
D zz = -b zz (k) k 2 H r sinh(kH r ) sinh 2 (kH r ) -(kH r ) 2 .

Horizontal components of the applied stress

The radial component applied at the bottom of the plate ( 15) is expressed as a shear stress for which the boundary conditions are

σ rz (z = -H r , r, k) = b rz (k) J 1 (kr), (22) 
σ rz (z = 0, r, k) = σ zz (z = -H r , r, k) = σ zz (z = 0, r, k) = 0 , (23) 
where b rz (k), like b zz (k), is a parameter that is defined to take into account the force generated in the deformed state that opposes the radial component of stress applied at the base of the plate. The parameter b rz (k) is given by

b rz (k) = - (ρ c -ρ m )g a 2 8 ρ c -ρ up ρ down -ρ up T 2 k 2 exp -a 2 k 2 8 1 + F(k) . (24) 
As previously for b zz (k), the 1 + F(k) term in b rz (k) represents the reduction of the applied stress (8) due to the plate's weight which is opposed to the upward push of the fluid.

Injecting ( 22) and ( 23) in equations ( 1) to [START_REF] Del Potro | Diapiric ascent of silicic magma beneath the Bolivian Altiplano[END_REF] gives

A rz = 0 , B rz = -b rz (k) kH r sinh(kH r ) sinh 2 (kH r ) -(kH r ) 2 , C rz = -kB rz , (25) 
D rz = -b rz (k)k sinh(kH r ) -kH r cosh(kH r ) sinh 2 (kH r ) -(kH r ) 2 ,
4. Method

Inversion method

Data points for Uturuncu were extracted from figure 4 of [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. This figure shows the mean annual vertical deformation inferred on an inversion of multiple INSAR observations between 1992 and 2010. This corresponds to the maximum uplift rate, because the uplift has slowed down since 2010 [START_REF] Lau | Variations in the long-term uplift rate due to the Altiplano-Puna magma body observed with Sentinel-1 interferometry[END_REF]. These points were used to perform an inversion with the model described above.

Although these data are in fact speed of deformation, we will first treat them as static deformation, and then discuss the non-static aspect of the problem. Data are inverted to find optimal values of a and T , respectively the half-width and the maximum height of the Gaussian-shaped source. The python function scipy. optimize.

curve fit() was used to perform the inversion. This function fits data with non-linear least squares method by adjusting parameters of a given model. Here, our model is the plate deformation model described above and parameters that should be adjusted are the height T of the Gaussian source and its half-width a.

Data half-width is 21.4 km for "negative" r and 23 km for "positive" r. The baseline half-width for data is thus taken as 22.2 ± 0.8 km. During the inversion, parameter a is allowed to range between 1 km and 30 km. The maximum uplift given by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] is 9.1×10 -3 ±0.5×10 -3 m. To reduce the calculation time, the range of possible values for T is also constrained. In well know problem of plate loaded from the top of the plate, the applied stress is compensated with elastic rigidity and the flotability of the bended elastic-part in the lower medium. Depending of the source width, one or the other can be dominant. In this problem, the applied stress come from the bottom, so it has compensated with the elastic rigidity and the weight of the lifted part of the plate.

The maximum of uplift is reached when the elastic rigidity vanishes and the plate was in the case of isostatic equilibrium. The maximum thickness of the source T can be related to the maximum of deformation u z (r = 0, z = 0) by T (ρ cρ m )g = u z (r = 0, z = 0)(ρ cρ up )g. According to value given in table 2 and that the maximum of observed uplift is around 0.01 m, we have T ≈ 0.06 to 0.14. To be sure not to take a too restrictive upper boundary, we take four times the upper value. Inversion bounds for parameter T are taken as 0 m and 0.6 m.

Range of values for input parameters

To be consistent with our model, which sets z = 0 on the plate surface, all depths reported here are relative to the surface of the elastic plate and thus to the mean elevation of the Altiplano. Some authors give depths relative to mean sea level. Where the latter have been used, published depths have been corrected for the mean elevation of the plateau, which is 4000 m in the region of Uturuncu. [START_REF] Muir | Experimental constraints on dacite pre-eruptive magma storage conditions beneath uturuncuvolcano[END_REF].

Based on magnetotelluric and experimental petrology data, [START_REF] Laumonier | Giant magmatic water reservoirs at mid-crustal depth inferred from electrical conductivity and the growth of the continental crust[END_REF] showed that there could be up to 10wt.% dissolved water in the magma present in the APMB. When this water exsolves in the form of bubbles in the magma, the density of the whole magma body stored under the plate may strongly decrease.

[16] estimate the depth of the brittle-ductile transition, H 0 , to be between 4.5 and 12.5 km. They used both the location of the earthquakes at Uturuncu and heat flow data measured on the Altiplano. [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] summarize in their Figure 15 the values of Young's modulus, Poisson's ratio and crustal density that were determined from seismic data.

Densities considered by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] for the upper crust are between 2400 and 2600 kg•m -3 .

However, [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF] uses a density for the crust as high as 2800 kg•m -3 . They also assume a density contrast between the magma and the surrounding crust of 400 kg•m -3 .

Table 2 summarizes the ranges of values between which the physical parameters could vary based on our literature survey. In order to explore all of them, we will use the dimensionless numbers of our problem.

Dimensionless numbers used to test variation of physical parameters

To non-dimensionalize the equations, we use k = a k, dk = adk, r = r/a, dr = dr/a, z = z(r)/H(r), u i (r, z) = u i (r, z)/H(r), σ i j (r, z) = σ i j (r, z)/G, where G is the shear modulus of the plate. The non-dimensionalization of the model equations highlights four dimensionless numbers. In order to represent our results as a function of all physical-parameter values, we focus on two of these. 2 [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF].

3 [START_REF] Jay | Shallow seismicity, triggered seismicity, and ambient noise tomography at the long-dormant Uturuncu Volcano, Bolivia[END_REF][START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF].

4 [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF][START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF].

5 [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF].

The first one is

β 2 = g(ρ c -ρ m )(ρ c -ρ up )T (1 + ν) (ρ down -ρ up )E , ( 26 
)
where g is the acceleration due to gravity, ρ c elastic-crust density, ρ m magma density, ρ up the upper medium density, ρ down the lower medium density, T maximum thickness of magma, ν is Poisson's ratio and E is Young's modulus.
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The second one is

H 0 = H 0 a , (27) 
with H 0 the far-field thickness of the plate and a the half-width of the source.

The dimensionless number β 2 represents the ratio of fluid buoyancy to plate rigidity, i.e. large β 2 implies that fluid buoyancy is large compared to plate rigidity, and Based on the physical parameter values given in table 2, we consider a variation of parameter H 0 between 4.5 and 12.5 km and of parameter β 2 T -1 between 3.96×10 -5 and 5.10×10 -4 km -1 . To test the variation of the parameters, several inversions were made by varying the values of E, (ρ cρ m ), and H 0 each time. For each parameter H 0 and β 2 T -1 , 41 points were considered. A total of 41 2 = 1, 681 inversions were thus performed.

Results

Shape of the sources

The source of deformation in our model has a Gaussian shape, described by its maximum height T and half-width a. The values of a and T , which best reproduce the deformations published by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] for the 1,681 inversions, are represented respectively on figures 4 and 5.

In these figures, the effect on the inversion of varying the brittle-ductile transition depth, i.e. variation of H 0 , is read horizontally. The effect of varying elastic parameters or magma buoyancy in the crust is read vertically by the variation of the parameter

β 2 T -1 .
Our results show that the thinner the plate and the greater the magma buoyancy (H 0 small and β 2 T -1 large), the more extensive (large a) and thinner (low T) must be the source in order to reproduce the data published by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. Conversely, when the plate is thick and rigid, i.e. H 0 large and β 2 T -1 small, the source that reproduces the data is found to be thick and narrow. Grey areas correspond to calculations whose results no longer respect the 0.6 m limit set for the inversion of parameter T . These results Similarly, the thinner the elastic plate is (H 0 decreasing), the larger a will be. The grey zone corresponds to unrealistic results. The black star corresponds to the calculations shown in figure 6.

have therefore been removed from the figures. The black star shown on figures 4 and 5

represents the calculation that led to figure 6. In order to assess, for all 1,681 inversions, the difference between inversion results

Reproduction of the subsidence

Consider first r 0 , the radial position where the surface deformation transitions from uplift to subsidence. Looking at figure 6, it appears that deformation published by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] is not symmetrical with respect to r = 0. For negative r, r 0 is equal to 41.0 km, for positive r, it is equal to 48.5 km. Therefore, we set r 0 for the data of 44.7 ± 3.7 km.

On figure 7a, the difference between r 0 given by the numerical inversion and the data, noted dr 0 , is represented as a function of β 2 T -1 and H 0 . The way of reading this figure is the same as described earlier for figures 4 and 5, however, the color scale is different. Values displayed in green tones are an overestimate of r 0 by the code, while purple tones correspond to underestimates of r 0 , as compared to published data. The color scale is centered on white, representing cases where dr 0 = 0, i.e.. where the code reproduces data very well.

By taking into account the error bar on r 0 of ± 3.7 km, figure 7a shows that our code correctly reproduces r 0 for 248 cases. The maximum difference between our calculations and measured deformations is 7.1 km. Generally speaking cases where either the plate is thin (H 0 small) or source buoyancy is high (β 2 T -1 large) best reproduce the data.

Reproduction of maximum uplift

The second criterion tested is the reproduction of maximum uplift u z (r = 0, z = 0), whose value in the data is equal to 91 ± 0.5 (mm•yr -1 ). The difference between this value and the maximum displacement calculated during inversions, noted du max z , is represented as a function of β 2 T -1 and H 0 in figure 7b. The effect of varying the different parameters listed in table 2 is read as in figures 4 and 5. The color scale is the same as in figure 7a.

Figure 7b shows that the maximum difference between code results and observed data is du max z =0.32 (mm•yr -1 ), which is within the 0.5 (mm•yr -1 ) error bar given by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. In the case of maximum uplift, 338 inversions produced realistic results allowing us to reproduce u z (r = 0, z = 0). As previously for r 0 , data are better reproduced for cases where the plate is thin (H 0 small) or where the source buoyancy is high (β 2 T -1 large).

Reproduction of the maximum subsidence

Next we look at the maximum magnitude of subsidence u min z . Subsidence is better constrained for negative r than for positive r (figure 6). So we have selected as a reference the subsidence value in the negative r, taking u min z to be -0.33 ± 0.5 (mm•yr -1 ).

The difference between the value of u min z from the code and that from the data is represented as a function of β 2 T -1 and H 0 in figure 7c. Since u min z is a negative value of displacement, when the code underestimates the subsidence, the difference is positive.

We note that our model tends consistently to underestimate maximum subsidence with respect to the data. Underestimated values are displayed in purple, but the color scale is not centered on 0 as it was in figures 7a and 7b. It is also true that the error bar on the data of maximum subsidence is relatively large. A total number of 338 inversions gave usable results. Minimum deviation du min z , displayed in figure 7c, is 0.19 (mm•yr -1 ). The maximum deviation is 0.26 (mm•yr -1 ), which remains within the 0.5 (mm•yr -1 ) error bar. Unlike r 0 and u z (r = 0, z = 0), the values of u min z are less well reproduced as the plate becomes thinner and the source has more and more buoyancy, i.e. H 0 decreasing and β 2 T -1 increasing. The white area in figure 7c shows where subsidence is best reproduced. The optimum values of a and T that emerge from the inversion are thus to some degree a trade off between reproducing r 0 and u min z .

Ratios

The ratio of maximum subsidence over maximum uplift is noted R1. To assess the difference between our model and observations, we examine the ratio R1 num /R1 data , where R1 num is the ratio obtained from numerical calculations. R1 data , the ratio obtained from data published by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF], is -3.7×10 -2 .

Figure 8a shows variation of R1 num /R1 data versus β 2 T -1 and H 0 . The color scale ranges from purple for the highest values to white for the lowest. In figure 8a the closer R1 num /R1 data is to 1, the better R1 is reproduced by the code. Cases where the ratio is best represented correspond to purple areas on the figure. The R1 ratio given by the code lies between 0.21 and 0.41 times the observed ratio, i.e.. it is significantly underestimated by our code. This result underlines that the amplitude of subsidence shown by the data appears to be high with respect to that of uplift.

The ratio of maximum radial displacement over maximum vertical displacement is noted R2. In the case of InSAR data, the displacement is calculated from the satellite line of sight (LOS) [START_REF] Hickey | The large-scale surface uplift in the Altiplano-Puna region of Bolivia: A parametric study of source characteristics and crustal rheology using finite element analysis[END_REF], which is not strictly vertical. Therefore, there is a difference in the position of maximum displacement as viewed on the ascending satellite orbits and that viewed on the descending satellite orbits. R2 can thus be derived from the difference between the two positions of maximum velocity viewed by the satellites [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF].

We assess the difference between our model and the observations by considering the ratio R2 num /R2 data , where R2 num is the ratio resulting from numerical calculations and R2 data is the one from the data published by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. The observed R2 data is 0.30 ± 0.15.

Figure 8b shows variation of R2 num /R2 data versus that of different parameters. The color scale is the same as in figure 8a. The ratio determined by the code is between 0.27 and 0.5 times that observed. Thus, R2 ratio is underestimated by our code, signalling that radial displacement is larger at Uturuncu than is predicted by the model. R1 num /R1 data where R1 num is the ratio obtained from numerical calculations, and R1 data the ratio obtained from published data. b, ratio R2 num /R2 data where R2 num is the ratio obtained from numerical calculations, and R2 data the ratio obtained from published data.

Discussion

Reproduction of the shape of the deformation signal

In assessing the data from Uturuncu, and presenting the results from our inversions, we have placed considerable emphasis on the presence of the moat of subsidence surrounding the uplift. This basic feature of the data is not consistent with any model involving a single source within an elastic medium. As referred to above, one suggestion to overcome this problem has been that there may be more than one source. For example, one can fit the data by assuming a small source with positive excess pressure "embedded" in a larger source with a negative pressure differential [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF] . Although there is no obvious interpretation of such a compound source these authors suggest it may be the signal of a diapir starting to rise from the Altiplano Puna Magma Body (APMB). A deep source undergoing deflation in addition to a shallower source undergoing inflation is also in principle viable. However, the considerable breadth of the deformation field at Uturuncu, requires in elastic half-space models that both sources be relatively deep, in fact much deeper than the probable depth of the brittle-ductile transition (BDT). In finite element models, the existence of subisdence surrounding uplift requires a 25 to 65 year flux between two sources in the ductile medium. The pressure changes associated with this flux produce surface deformation. One way out of the conundrum that sources are in a ductile medium is that the rate of pressurisation of a source nominally beneath the BDT could be fast with respect to the relaxation time of the medium. Nevertheless, taking thermal calculations and temperature and relaxation time dependence

given by [START_REF] Gottsmann | Thermomechanical modeling of the Altiplano-Puna deformation anomaly: Multiparameter insights into magma mush reorganization[END_REF], around the APMB and a few kilometers above it, the relaxation time is on the order of a month. This estimate does not support the "fast pressurization" argument, which requires that the flux be large enough to overcome relaxation during 25 years in order to produce deformations observed by INSAR. However, the viscosity of the APMB is uncertain and so relaxation timescales longer than a month cannot be definitively excluded.

The main goal of the present contribution has been to show that a new kind of single source, namely a simple plate with a thickness variation in which buoyant magma is stored, can explain the data well to first order. From the 1,681 inversions, 338 parameter-combinations based on our new plate model produced a viable source , reflecting the non-uniqueness typical of this kind of problem. Although viable sources could be found for a range of plate thicknesses H 0 , for those between 4.5 and 5.5 km, a source can be found for all values of E, ρ c , ρ m , ρ up and ν listed in table 2. For H 0 larger between 5.5 and 10 km it is always possible to reproduce the data for a large combination of parameter values E, ρ c , ρ m , ρ up and ν, as long as the parameter β 2 T -1 lies between 1.4x10 -4 and 5.1x10 -4 . The elastic parameters used for the example of calculation shown in figure 6 are close to those recently published by [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. The limit case of a thick and rigid plate in the lower right corner of figure 4, 5, 7 and 8, which correspond to H 0 large and β 2 T -1 small, does not correctly reproduce the data, as in those cases, the code oversteps the limit value of 0.6 m for T, so we exclude those results.

Taken together, figures 4 to 8 show that our model reproduces well to first order the vertical deformation as long as the plate is relatively thin and/or the buoyancy of the source is strong (i.e. H 0 small and/or β 2 T -1 large). The horizontal distribution of uplift and subsidence as well as the amount of maximum vertical displacement are especially well constrained by the inversions. This is probably the most compelling feature of the type of model we are proposing. The amount of maximum subsidence is less well reproduced by our model than the uplift, but nevertheless remains within the error bars of the observations. This feature accounts for the fact that our model tends to underestimate the value of R1 with respect to the published data. Figure 8b shows that our model also tends to underestimate R2, the ratio between the maxima of radial to vertical displacement. Maximum vertical displacement is well reproduced, indicating that our calculations work less well for radial displacements.

It is worth noting that [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF] have shown that the ratio between the maximum uplift and the maximum radial displacement, R2, is influenced by heterogeneities close to the surface. For example, the presence of a layer of low rigidity diminishes R2. Our model, which involves a homogeneous, isotropic plate, gives a value of R2 less than that observed, but our model is a very simplified one. Although we have not made any detailed assessment of the possibility that a heterogeneity may be present, we suspect that this basic result would carry over into the kind of plate model that we propose.

Thus the inclusion of a sub-layer (within the plate) of different rigidity, or even the fact that the surface (z = 0) is not strictly flat, could potentially account for discrepancies between the observed and calculated values of R1 and R2. Nevertheless, this simplified model achieves the goal of showing that considering a plate deformation could reproduce the simultaneous uplift and subsidence and their radial distribution to within the error bars of the data.

Implications for a potential shallow magma chamber beneath Uturuncu volcano

The "sombrero" pattern of deformation at Uturuncu has led us to put forward a new but relatively simple physical framework for pre-eruptive magma storage that is coherent with key observational constraints: a shallow brittle-ductile transition, as indicated by seismic and heat-flow data, and petrologic evidence of shallow pre-eruptive storage.

While the last eruption at Uturuncu was not recent, the feature of shallow storage prior to large silicic eruptions appears to be a common denominator for the caldera forming eruptions of the APVC, and arguably even more globally for large silicic systems. Our results based on this new paradigm of storage at the base of a "plate" are promising but preliminary and so merit some discussion.

Our model predicts that the magma layer needed to reproduce the deformation at Uturuncu is thin. Depending on various parameter values, a magma layer in the range 0.083 -0.6 m is enough to reproduce the observed annual uplift. In terms of volume this corresponds to between 0.089 km 3 and 0.092 km 3 per year. These flows respectively involve a broad source with a 0.083 m•yr -1 height increase or a narrower one with a 0.6 m•yr -1 height increase. Considering that these deformations have been observed between 1992 and 2017 [START_REF] Lau | Variations in the long-term uplift rate due to the Altiplano-Puna magma body observed with Sentinel-1 interferometry[END_REF], we estimate that a magma layer of maximal thickness from We suggest that the continuous arrival of magma could correspond to the slow arrival of a diapir that is impinging on the elastic upper crust above the BDT. The static calculations of our model represent this process by a series of sources of increasing thickness. [START_REF] Burov | Ascent and emplacement of buoyant magma bodies in brittle-ductile upper crust[END_REF] found in numerical simulations that for a strong density contrast between magma and crust, rates of rise lie in the range 0.015 -0.063 m•yr -1 . For smaller density contrast they calculated rates of rise in the range 0.015 -0.047 m•yr -1 .The rates of rise implied by our model results are in the range 0.083 -0.6 m•yr -1 . The upper bound is clearly larger than the estimates of [START_REF] Burov | Ascent and emplacement of buoyant magma bodies in brittle-ductile upper crust[END_REF] whereas the lower bound is of the same order of magnitude. We obtain the best fit to the data when we assume strong magma buoyancy.

The APMB is thought to be water-rich and therefore its density may decrease strongly at shallow depth due to volatile exsolution. In our inversion results that gave best fits to the data, strong buoyancy was associated with very broad sources and hence to small speeds of uplift, i.e.. close to 0.047 m•yr -1 . Given the uncertainties concerning rheological parameter values involved, the above values represent good agreement.

We conclude that the deformation observed centred on Uturuncu can plausibly be explained by the slow arrival of a diapir beneath an elastic plate overlying a shallow BDT. The diapir feeds a zone whose overall width is approximately 40 km, corresponding to that undergoing uplift. The surrounding subsidence is caused by the response of the elastic plate to the buoyancy force of the magma. We estimate that between 1992 and 2017 a lense of magma approximately ≈2.25 m has accumulated beneath Uturuncu, and between 4.4 m and 31.8 m if the process occurred from 1965 to 2017, although this quantitative result depends on the precise assumption of magma density and hence volatile content. A magma lense this thin is unlikely to be detectable by seismic methods. Detection of a low resistivity zone by magneto-telluric methods or of a negative gravity anomaly may be more promising, but in either case a dense instrument network capable of high resolution would presumably be necessary. This raises the question of whether this amount of magma is representative of the total amount that is stored at shallow depth or whether it is being added to a much larger amount that was previously present. [START_REF] Perkins | Topographic constraints on magma accumulation below the actively up-lifting Uturuncu and Lazufre volcanic centers in the Central Andes[END_REF] showed that sediments in lakes surrounding Uturuncu do not appear to show a record of progressively increasing tilt which would reflect steadily accumulating deformation. [START_REF] Gottsmann | Thermomechanical modeling of the Altiplano-Puna deformation anomaly: Multiparameter insights into magma mush reorganization[END_REF] interpreted this to mean that the deformation is not permanent, and that the deformation may be largely attributed to the presence of gases whose subsequent escape to the surface allows the deformation to reverse. This may be so. Can we reconcile our hypothesis with the absence of permanent tilt in lake sediments? When a diapir rises, it is a buoyancy-driven flow which induces a return flow in the surrounding ductile medium. It has been shown that little surface deformation occurs until the head of the diapir arrives beneath the BDT, this produces the deformation of both the surface and the diapir itself. According to the value of 0.1 to 5 m•yr -1 given by [START_REF] Burov | Ascent and emplacement of buoyant magma bodies in brittle-ductile upper crust[END_REF],

it takes between 1x10 3 to 100x10 3 years to rise through the first 5 or 10 km above APMB which are ductile. The deformation observed at Uturuncu volcano could be the arrival beneath the elastic part of the crust of a few-meter-high new-diapir, wich only produces deformations when it encounters the non-ductile part of the crust. This diapir is not necessarily the first of a new cycle as magma chambers are constructed by multiple inputs of magma. Currently the rate of uplift appears to be tending towards 0 over the last year or two [START_REF] Lau | Variations in the long-term uplift rate due to the Altiplano-Puna magma body observed with Sentinel-1 interferometry[END_REF]. It will be interesting to follow the evolution of deformation in the years to come to establish whether it reverses or is maintained. In the framework of our model, if the deformation is largely due to bubble-free magma, at least a part of the deformation should remain. However if bubbles are making a large contribution to magma buoyancy and these bubbles eventually escape to the surface, some or maybe a large part of the deformation should reverse along the same lines as the model suggested by [START_REF] Gottsmann | Thermomechanical modeling of the Altiplano-Puna deformation anomaly: Multiparameter insights into magma mush reorganization[END_REF].

Our model is a general framework that may potentially be applied more broadly to silicic systems. Although "sombrero" patterns have not been commonly described, this could be partly explained by the great difficulty in identifying and measuring the very weak subsidence. Indeed strong uplift had been observed for several years at Uturuncu before the presence of the subsidence was detected. Nevertheless, there is evidence for "sombrero" patterns in other places. Another example we have identified is the case of the Socorro Magma Body [START_REF] Fialko | Sombrero uplift above the Altiplano-Puna magma body: Evidence of a ballooning mid-crustal diapir[END_REF] in New Mexico (USA). As is the case for Uturuncu, the terrain there is also a desert area which provides unusually good radar coherence over large distances which facilitates measuring the very small amplitude of subsidence around the uplift. In many or most cases less favourable conditions could easily render the subsidence invisible. It would be interesting to study further the Socorro case to see if our model could reproduce the observed deformations. We also hope that our work may stimulate new observational efforts to search for weak subsidence surrounding strong uplifts to see whether the "sombrero" pattern is more widespread than previously realised.

Conclusions

Centred on Uturuncu volcano there is a circular moat of weak subsidence that surrounds a strong uplift. We assess here whether this "sombrero" pattern could be caused by storage of a buoyant fluid at the rheologic contrast of the Brittle-Ductile Transition (BDT), for example due to the slow arrival of a buoyant magma diapir. In short, the deformation bears the signature of an elastic-plate which prevents the buoyant magma erupting at the surface until a large enough volume has accumulated to make the plate unstable.

To test this hypothesis, we have adapted a plate deformation model and use it to invert published data [START_REF] Henderson | Time-dependent deformation of Uturuncu volcano, Bolivia, constrained by GPS and InSAR measurements and implications for source models[END_REF]. To test the whole plausible range of physical parameter values, we performed 1,681 inversions. The results show that our model correctly reproduces three important features of the data : the radial position of the transition between the uplift and the subsidence r 0 , the maximum of uplift u z (r = 0, z = 0) and the maximum of subsidence u min z . However the model does not reproduce as well the maximum of radial displacement and the ratio between u z (r = 0, z = 0) and u min z . This could be due to the simplicity of the model used, which is a simple elastic plate above a fluid medium. Nevertheless, these more subtle features of the shape of the deformation are likely to be reproducible within this basic kind of model framework by including a bit more complexity, such as variation of elastic parameters. Although non-unique, our results most strongly suggest a plate of ≈ 5 km thickness and strong magma buoyancy.

While the amplitude of the subsidence is inevitably small (which may explain why it has not been more commonly reported), this kind of plate model is particularly powerful for explaining datasets for which shallow (< 10 km) storage has occurred but where the deformation signal and/or the caldera formed is very broad. As these features are quite common for large silicic eruptions, we propose that this new kind of model may be more broadly applicable.

• All data come from published data, which are cited in the text.

• No funding information related to this work.

Figure 1 :

 1 Figure 1: Illustration of the experimental setup used to reproduce deformation similar to that observed at Uturuncu. In order to produce a large uplift, air bubbles (i.e. with large buoyancy) were injected with a needle.

Figure 2 :

 2 Figure 2: Experimental demonstration of a subsidence moat around uplift when a buoyant fluid is stored beneath an elastic plate. Injected fluid is here air. a : Deformation of the gelatin surface after air injection. A moat of subsidence (blue) is visible around a central uplift (red). Blue fringes are residual noise. b : Radial profiles taken between angles Θ 1 and Θ 2 (grey curves) and mean deformation profile (red curve). Subsidence located between r = 0.05 m and r = 0.1 m is highlighted in the top right-corner inset.

Figure 3 :

 3 Figure 3: Schematic illustration of the supposed storage. a: Initial shape of the plate before magma arrival. The variation of the BDT depth is due to local temperature variations. Here we consider ρ c = ρ down , otherwise,a small negative topography should be visible above the shallow-BDT part. b: Deformation of the plate after the arrival of magma. Vertical deformation is exaggerated, this produces the visual difference between a and T on the graphic. Physical parameters shown on this figure are defined in table 1.

Notation

  of the Gaussian source (also that of the BDT * shape) r (m) Radial position (r=0 centred on shallowest part of the BDT * ) E (Pa) Young's modulus H 0 (m) Far-field thickness H r (m) Plate thickness at radial distance r T (m) Maximum source thickness (also maximum variation of BDT * depth) β 2 Dimensionless number ρ c (kg•m -3 ) Density of the elastic-part of the crust ρ down (kg•m -3 ) Density of the ductile-part of the crust ρ m (kg•m -3 ) Magma density ρ up (kg•m -3 ) Density of the medium above the plate * BDT : Brittle Ductile Transition.

  325 vice-versa. H 0 quantifies how the load is applied to the bottom of the plate. When H 0 tends towards +∞ the load is applied under the plate at a point source, whereas small values of H 0 represent broadly distributed loads. The parameter β 2 (26) contains T whereas H 0 (27) contains a. In combination parameters a and T define the geometry of the source, and are those we are trying to determine by inversion of surface deformations. It is not possible, therefore, to know a priori the values of β 2 and H 0 in the case of Uturuncu. The results of the inversion will be represented as a function of H 0 = aH 0 and β 2 T -1 .

Figure 4 :

 4 Figure 4: Values of parameter a determined for the 1,681 inversions. The variability of all physical parameters in inputs is represented by the variation of β 2 T -1 and H 0 . The stronger the source buoyancy is with respect to the plate rigidity (β 2 T -1 increasing), the wider is the parameter a that allows to reproduce the data.

Figure 5 :

 5 Figure 5: Values of parameter T determined for the 1,681 inversions.The variability of all physical parameters in inputs is incorporated in the variation of β 2 T -1 and H 0 . The stronger is the source buoyancy withrespect to the plate rigidity (β 2 T -1 increasing), the bigger is the parameter T that allows to reproduce the data. Similarly, the thinner the elastic plate is (H 0 decreasing), the larger T will be. Grey zone corresponds to unrealistic results. Black star corresponds to the calculations shown in figure6.

Figure 6

 6 Figure6shows that the published deformations are very well reproduced in the case of H 0 = 6.1 km and β 2 T -1 = 2.09×10 -4 km -1 . This β 2 T -1 value was obtained with a Young's modulus E of 21.7 GPa, a crustal density ρ c of 2,710 kg•m -3 , a magma buoyancy in the crust (ρ cρ m ) of 355 kg•m -3 , which implies a magma density of 2.355 kg•m -3 . g is equal to 9.81 m•s -1 . The parameter combinations that lead to the curve shown in figure6are not unique in that the same value of β 2 T -1 can be achieved for different combinations of E, ρ c and (ρ cρ m ). The total number of viable sources that have been determined from the 1,681 inversions is 338, i.e. numerous possibilities for parameters E, ρ c , ρ m , ρ up and ν. Generally speaking, sources that reproduce the deformations, tend to involve thin plates and/or large magma buoyancy relative to plate rigidity.

Figure 7 :

 7 Figure 7: Difference of three parameters between published data from [13] and inversion results. Code overestimated values are in green and underestimated ones in blue and purple. a and b : the white zonecorresponds to points where the distribution is perfectly reproduced. c : note that the color scale is not centered on 0. The grey area corresponds to unrealistic results. The black star corresponds to the calculation shown in figure6. a, difference, dr 0 , for the radial position r 0 where transition from uplift to subsidence occurs. b, difference, du max z , in the case of maximum uplift u z (r = 0, z = 0). c, difference, du min z , in the case of maximum subsidence u min z .

Figure 8 :

 8 Figure 8: Comparison of ratios between published data from [13] and inversion results. The grey area corresponds to unrealistic results. The white star corresponds to the calculation shown in figure 6. a, ratio

2 .

 2 08 m to 15.0 m has accumulated under Uturuncu, representing a total volume from 2.2 to 2.3 km 3 . If we take into account that this uplift could have started in 1965 and ended in 2017, the layer maximal-thickness range is 4.32 m to 31.2 m, which would represent a total volume in the range 4.63 to 4.78 km 3 .

Table 1 :

 1 List of notations used in this paper.

Table 2 :

 2 Range of values taken by the physical parameters of the problem in the case of Uturuncu volcano.

	Physical parameters	Notation (units)	Range of values
	Elastic Plate		
	Poisson's ratio 1	ν	0.25 to 0.3
	Young's modulus 2	E (Pa)	10×10 9 to 62×10 9
	Maximum thickness 3	H 0 (m)	4.5×10 3 to 12.5×10 3
	Weight 4	ρ c -ρ up (kg•m -3 )	2400 to 2800
	Source of deformation		
	Magma buoyancy (in the plate) 5 ρ c -ρ m (kg•m -3 )	200 to 400
	1 [8, 13].		
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and published data, we used five key criteria:

• Position of the transition from uplift to subsidence: r 0 , which is shown in figure 6.

• Maximum uplift: u z (r = 0, z = 0), which is shown in figure 6.

• Maximum subsidence: u min z , which is shown in figure 6.
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• Ratio between u z (r = 0, z = 0) and u min z : R1.

• Ratio between maximum radial displacement and maximum vertical displacement: R2.
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