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In this paper GravPSO2D, a Matlab tool for two-dimensional gravity inversion in sedimentary basins using the Particle Swarm Optimization (PSO) algorithm, is presented. The package consists of a collection of functions and scripts that cover the main three parts of the process: (1) the model definition based on the observations, (2) the inversion itself, where the PSO is employed, and (3) the results processing, including best model estimation, uncertainty analysis and plots generation. GravPSO2D is freely available, and represents an effort for providing

Introduction

The interface separation between two media having different densities can be estimated in Geophysics using gravity measurements and by posing a nonlinear inverse problem. Gravity inversion in this kind of environments is a tool frequently used in Geophysics in tasks such as prospecting of oil and gas, or in hydrogeology and glaciology studies [START_REF] Blakely | Potential Theory in Gravity and Magnetic Applications[END_REF][START_REF] Dobrin | Introduction to geophysical prospecting[END_REF][START_REF] Hinze | Gravity and Magnetic Exploration[END_REF][START_REF] Nettleton | Gravity and magnetics in oil prospecting[END_REF][START_REF] Parker | Geophysical Inverse Theory[END_REF][START_REF] Telford | Applied Geophysics[END_REF]. The gravity inverse problem has a non-unique solution, leading to an infinity number of solutions [START_REF] Al-Chalabi | Some studies relating to non uniqueness in gravity and magnetic inverse problems[END_REF][START_REF] Skeels | Ambiguity in gravity interpretation[END_REF][START_REF] Zhdanov | Inverse Theory and Applications in Geophysics[END_REF]. It is therefore mandatory to introduce some kind of regularization and/or constraint(s) incorporating other geophysical information such as borehole and seismic profile data, contrasted prior models, etc. This will allow to restrict the set of possible solutions and stabilize the inversion.

The problem of the estimation of the basement relief in sedimentary basins using gravity observations is a nonlinear inverse problem, and the most used techniques for its solution are based on local optimization methods, either by the linearization of the problem plus regularization (see [START_REF] Silva | Gravity data as a tool for landfill study[END_REF] for example), or by the sequential application of the direct formulation (see [START_REF] Bott | The use of rapid digital computing methods for direct gravity interpretation of sedimentary basins[END_REF] or Chen 2 J o u r n a l P r e -p r o o f and Zhang (2015) for example). GravPSO2D uses Particle Swarm Optimization (PSO), which is a global search method with excellent capabilities to perform the inverse problem uncertainty analysis and avoiding the weak points of the local optimization procedures, such as the dependency on the prior model and the lack of a proper uncertainty analysis [START_REF] Fernández-Martínez | From Bayes to Tarantola: New insights to understand uncertainty in inverse problems[END_REF], 2014b).

GravPSO2D works in two-dimensional environments. This approximation can be used when the dimension of an anomalous body is much larger than the other two dimensions (at least a 4× or 6× factor according to [START_REF] Nettleton | Gravity and magnetics in oil prospecting[END_REF]).

This situation is common in sedimentary basins, where their horizontal extensions are generally much larger than their depth, so profiles perpendicular to the principal dimensions can be used for the analysis in a 2D formulation [START_REF] Pick | Theory of the Earth's Gravity Field[END_REF][START_REF] Telford | Applied Geophysics[END_REF].

Observations and basin modelization

GravPSO2D works with user-provided complete Bouguer gravity anomalies, ∆g, along a profile. The software can also estimate a polynomial regional trend during the inversion, so if this effect exists in ∆g it is not necessary to be previously suppressed by the user.

The 2D basin modeling used in GravPSO2D consists in the juxtaposition of rectangles along the profile as it was commonly employed by other authors (see for example [START_REF] Silva | Gravity data as a tool for landfill study[END_REF] or [START_REF] Ekinci | Gravity data inversion for the basement relief delineation through global optimization: a case study from the Aegean Graben System, western Anatolia, Turkey[END_REF]). As it can be seen in Fig. B.1, the rectangles' upper sides are located at the surface level (considered plane in the figure, although that is not mandatory, so they can be adapted to the terrain topography). It is common to set the horizontal dimensions to be equal for all rectangles, but GravPSO2D can also work with unequal widths. Then, the 3 J o u r n a l P r e -p r o o f bottom sides depict the sediments-basement interface.

FIGURE B.1 HERE (ONE COLUMN WIDTH)

Let N be the number of observed gravity points, P i (l i , z i ), with i = 1 . . . N, and where l i is the point position along the profile length, and z i the point height. The gravity residual anomaly generated over each point by a model composed of M rectangles follows the equation

∆g r P i = M j=1
F ∆ρ(z j ), z j , r i j ,

where F is the forward operator (see Appendix A), ∆ρ(z j ) is the particular rectangle density contrast, constant or variable with depth, z j is the particular rectangle bottom side height (the problem unknowns), and r i j is the position vector of each rectangle related to each observation point. If a polynomial regional trend is added, which contributes with the anomaly ∆g t , the gravity anomaly over each observation point is:

∆g P i = ∆g r P i + ∆g t P i = M j=1        F ∆ρ(z j ), z j , r i j + 0 k=D A k (l i -l r ) k        , (2) 
where D is the polynomial degree, A k are the polynomial coefficients, and l r is a reference position.

In real environments sediments' density typically increases with depth, so the density contrast sediments-basement, ∆ρ, decreases. GravPSO2D can work with both, constant or variable density contrast. In the latter case, this variation can be vertical (with depth), and also horizontal.

Many models of density contrast variation with depth have been used in the literature. Constant values are frequently used [START_REF] Barbosa | Gravity inversion of basement relief using approximate equality constraints on depths[END_REF][START_REF] Barbosa | Gravity inversion of a discontinuous relief stabilized by weighted smoothness constraints on depth[END_REF], but vari-
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J o u r n a l P r e -p r o o f able density contrast is also very common: [START_REF] Rao | Analysis of gravity anomalies of sedimentary basins by an asymmetrical trapezoidal model with quadratic density function[END_REF] used a quadratic equation, [START_REF] Chakravarthi | 3D gravity inversion of basement relief-A depth-dependent density approach[END_REF] a parabolic law, [START_REF] Litinsky | Concept of effective density: Key to gravity determination for sedimentary basins[END_REF]; Silva et al. (2006) a hyperbolic law, and[START_REF] Parker | The Rapid Calculation of Potential Anomalies[END_REF]; [START_REF] Granser | Three-dimensional interpretation of gravity data from sedimentary basins using an exponential density-depth function[END_REF]; [START_REF] Pham | GCH_gravinv: A MATLAB-based program for inverting gravity anomalies over sedimentary basins[END_REF] an exponential law. All these models produce complicated equations hard to manage that do not match well the density variation with depth in some real environments (see for example density logs in [START_REF] Brocher | A Regional View of Urban Sedimentary Basins in Northern California Based on Oil Industry Compressional-Wave Velocity and Den-26 J o u r n a l P r e -p r o o f sity Logs[END_REF] or [START_REF] Silva | Gravity inversion of basement relief and estimation of density contrast variation with depth[END_REF]).

In order to manage the vertical density contrast variation, GravPSO2D can use a piecewise model, having the advantages of ( 1 Fernández-Martínez andGarcía-Gonzalo, 2009, 2012;[START_REF] García-Gonzalo | Four-Points Particle Swarm Optimization Algorithms[END_REF]. The cloud versions of these algorithms are used, i. e., no parameter tuning of inertia nor accelerations must be configured by the user, given that each the particle has its own PSO parameters, automatically chosen [START_REF] García-Gonzalo | Design of a simple and powerful Particle Swarm optimizer[END_REF].

Pioneer applications of PSO in the field of applied geophysics can be seen in in [START_REF] Luu | A parallel competitive Particle Swarm Optimization for non-linear first arrival traveltime tomography and uncertainty quantification[END_REF] an application to the seismic traveltime tomography problem can be seen, and in [START_REF] Li | Waveform-based microseismic location using stochastic optimization algorithms: A parameter tuning workflow[END_REF] PSO is applied to microseismic location. Nevertheless, in gravity and other potential field inversion methods the PSO algorithm has been barely used [START_REF] Essa | PSO (Particle Swarm Optimization) for Interpretation of Magnetic Anomalies Caused by Simple Geometrical Structures[END_REF], for example, apply PSO in the inversion of magnetic anomalies generated by simple structures).

In [START_REF] Sanyi | Swarm intelligence optimization and its application in geophysical data inversion[END_REF] several simple gravity synthetic examples based on buried cyclinders are solved using PSO, comparing the obtained results with other global search methods (genetic algorithms, simulated annealing, and ant colony optimization), and also with a classical Levenberg-Marquardt approach. In Toushmalani (2013a,b) PSO was employed to estimate the parameters of a fault based on gravity anomaly observations. The conclusion of the study is that PSO provides better agreement between the estimated and the synthetic model anomaly than the classical approach using linearization and the Levenberg-Marquardt method. In [START_REF] Roshan | Inversion of residual gravity anomalies using tuned PSO[END_REF] PSO is employed in the gravity inversion of a spherical and a vertical cylindrical models, as well as its application to a real example (modeled as a vertical cylinder). In all these papers PSO is employed as a global optimizer, and performance tests are performed in most cases against local optimization techniques. But the most important feature of global optimization algorithms is missed: their capability to perform an approximate nonlinear uncertainty analysis of the inverse solution by the sampling of the nonlinear uncertainty region(s). Few papers were found [START_REF] Singh | Application of Global Particle Swarm Optimization for Inversion of Residual Gravity Anomalies Over Geological Bodies with Idealized Geometries[END_REF][START_REF] Ladino | A hybrid fast 3D inversion algorithm of gravity data for basement relief definition[END_REF] where the inversion uncertainty is analyzed using the frequency distribution of the model parameters and/or cross-plots of parameters. In Fernández-Muñiz
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J o u r n a l P r e -p r o o f et al. ( 2020) an application of PSO to gravity inversion of isolated anomalous bodies plus uncertainty assessment using PSO can also be seen.

In [START_REF] Pallero | Gravity inversion and uncertainty assessment of basement relief via Particle Swarm 31 J o u r n a l P r e -p r o o f Optimization[END_REF][START_REF] Pallero | 3D gravity inversion and uncertainty assessment of basement relief via Particle Swarm Optimization[END_REF], a first attempts to apply the PSO algorithm to the gravity inverse problem in sedimentary basins were presented for 2D and 3D environments, respectively. In [START_REF] Ladino | A hybrid fast 3D inversion algorithm of gravity data for basement relief definition[END_REF] This cost function is defined as

c = v p o p • 100, ( 3 
)
where p is a user-selected vector norm. In the last step of the algorithm all generated models are analyzed according to their cost function values.

The vector o is defined as

o = ∆g o -∆g t , (4) 
i. e., the vector of observed gravity anomaly minus the regional trend values (if they are estimated during the inversion or imposed). The vector v is defined as

v = ∆g o -∆g t -∆g r , (5) 
i. e., the vector of observed gravity anomaly minus the regional trend values (if they are estimated during the inversion or imposed) minus the residual gravity generated by the corresponding subsoil model in the swarm. If the observations have an associated standard deviation information, it can be used in GravPSO2D

for weighting the cost function computation.

Other important aspect in GravPSO2D is model filtering. The direct application of global search algorithms to the sedimentary basin gravity inverse problem produces unrealistic models characterized by a sawtooth profile (Boschetti et al.,9 J o u r n a l P r e -p r o o f 1997; [START_REF] Parker | Genetic Algorithms and Their Use in Geophysical Problems[END_REF][START_REF] Pallero | Gravity inversion and uncertainty assessment of basement relief via Particle Swarm 31 J o u r n a l P r e -p r o o f Optimization[END_REF]. This can be mitigated via a moving average filtering applied to the generated PSO models, and prior to the computation of the pertinent cost function value. Filtering is in this case the way to introduce relative constraints [START_REF] Barbosa | Gravity inversion of basement relief using approximate equality constraints on depths[END_REF] in the problem, and the use of average filtering technique permits a flexible configuration of the method behavior for different values in the filtering window.

Finally, using absolute constraints [START_REF] Barbosa | Gravity inversion of basement relief using approximate equality constraints on depths[END_REF]) is also possible. Absolute constraints are values of sediments-basement interface depths (or minimum depths) that can come from boreholes, seismic profiles or other sources. These data can be used to fix (or permit a small variation around a value) the depth value of parts of the subsoil model and its surroundings.

The GravPSO2D package

The GravPSO2D package is a Matlab software, so it is possible to work with it in any operating system where Matlab 1 is present.

Package organization and installation

Once the user has downloaded and uncompressed the package, a folder called grav-pso-2d/ will be obtained. This folder contains the following elements:

• A folder called pso_programs_v3/ containing the Particle Swarm Optimization code.

1 Matlab 9.2.0.538062 (R2017a) Linux version (under Debian GNU Linux) was employed in the writing of the software, but, as no special packages nor extensions are used, any version should be capable to execute GravPSO2D.
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• A folder called doc/ that stores a complete and self-contained 61-page reference manual.

• A folder called examples/ containing the example data.

• A collection of 14 files whose names follow the template grav2d_*.m.

Main scripts

On the user side, GravPSO2D is composed by three main scripts, which are:

• grav2d_ModelDefinition.m. This script helps to prepare the data prior to the inversion. Based on the observations data file and several user configuration variables, this script performs the subsoil partition.

• grav2d_Inversion.m. This script performs the inversion using the PSO algorithm. The user can select several parameters, such as the PSO family member, the swarm size and the number of iterations, the activation of weights, the vector norm for the cost function evaluation, and others. As a result, the script generates a file containing, among other internal information, all the sampled models, which will be the data to use in the post processing stage.

• grav2d_Plot.m. This script analyzes the results obtained by grav2d_Inversion.m, providing the inversion results in text and graphical modes, which can be configured by the user through some variables.

Input data files

In this section, the different input data files will be enumerated (a detailed description of the different formats is stated in the user's manual). All input data
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J o u r n a l P r e -p r o o f files used by GravPSO2D are ASCII files, so it can be opened and edited by any text editor.

• Observations data file. The observations data file contains a gravity profile in rectangular coordinates, and is the fundamental file in GravPSO2D.

• Subsoil data file. This file describes the subsoil partition in rectangles, which is the model used by the software, as it was described in section 2.

• Regional trend data file. If the user wants to use a regional trend in inversion (estimation or only using a predefined one), a first approximation must be introduced via a configuration file. This first approximation does not act as initial approximation as in local optimization algorithms, but only as a reference to compute the search space for the polynomial coefficients in the PSO algorithm.

• Density contrast definition data files. Two files can be configured related to this topic, one for the vertical, and one for the horizontal density contrast variations. In the former case, the vertical variation is configured piecewise providing information about depths and the corresponding density contrast.

Multiple configurations can be defined, each one marked by an identifier. In the case of the horizontal density distribution the corresponding file stores a set of segments, and a vertical contrast density configuration is assigned to each of them via the identifier.

• Filtering data file. For the filtering step the user must provide the window filter coefficients, which are stored in a file and can be freely selected.
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• Boreholes data file. In this file borehole information is stored. The user can configure a fixed value or an influence area for a prescribed basement depth.

Output files

The grav2d_Inversion.m script generates after its execution a unique file, stored as Matlab *.mat format (version 7), containing the inversion's results. It contains a structure comprising all the generated models during the PSO execution, as well as all the inversion details (an in-depth description of the structure is presented in the GravPSO2D reference manual). This file is loaded by the grav2d_Plot.m in order to generate its results.

Synthetic example

In this section a synthetic example is presented in order to illustrate the behavior of the GravPSO2D software. as N(0, 0.25) mGal. Finally, a linear regional anomaly was added to each point following the trend

∆g t = A 1 (l -l r ) + A 0 , (6) 
where A 1 = 1.2 • 10 -3 mGal m -1 , A 0 = -99.042 mGal, l r = 10 798.699 m, and l is the position in the profile of each point.

The previous configuration was employed, as it was explained, for the gravity signal generation. But for the inversion a reduced model was used in order to mimic a real situation, i. e., in a real application the subsoil model is always an idealized and simplified version of a real environment. First of all, the subsoil model in the reduced version is composed by 51 rectangles of 500 m horizontal width, while the vertical and horizontal density contrast variations are the same as in the original model. The number of observation points used in the inversion is in this case 39, which were randomly selected from the original set of 99 points.

Finally, the linear regional trend model will be estimated during the inversion.

For the inversion, the CP-PSO family member was selected, and three repetitions of the algorithm were combined using in each one a swarm of 200 models, and performing in each case 100 iterations, i. e., a total of 60 000 models were generated. The user is strongly encouraged to read the GravPSO2D reference manual in order to obtain an extended discussion about the behavior of the different PSO family members and about the different approaches to perform an inversion.

For the filtering step, a window of width 5 elements was selected, being all the coefficients of value 1. Two passes of the filter were employed, because it was observed that in order to obtain smooth results (and in this synthetic example this is the kind of the sediments-basement interface) it is more convenient to ber 15 after the inversion using absolute constraints (left) and without using absolute constraints 2 (right). The rectangle number 15 is situated in the neighborhood of one of the absolute constraints, but not strictly contiguous, so it is a good can-2 All the other parameters in this inversion are the same as in the case of the previous experiment.
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J o u r n a l P r e -p r o o f didate to check the influence of this kind of constraints not only in the affected rectangles itself, but also in a small area around it. As it can be seen, in both cases the histogram presents only one maximum and a near symmetrical shape, but in the inversion with absolute constraints the estimated depth is closer to the true one that in the case of inversion without absolute constraints. So the use of absolute constraints has influence not only in the affected rectangles, but also in their neighborhood. Finally, the estimated regional trend has parameters of value A 0 = -98.675 mGal, and A 1 = 1.2117 • 10 -3 mGal m -1 , presenting their corresponding histograms (not shown here) only one mode. the idealization of the model, which is in all cases a simplification of the reality, etc. All these sources of uncertainty make the task of the inverse problems not only to find the best model, considered as the one that adjusts the observations with minimum misfit, but a task of determination of a collection of models that are compatible at a certain level of error with all the prior information (observations, previous models, particular information of a specific parameter, etc.) at a disposal [START_REF] Scales | The Anatomy of Inverse Problems[END_REF][START_REF] Tarantola | Popper, Bayes and the inverse problem[END_REF].
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Real example

An application of GravPSO2D package for the inversion of observed gravity data is provided in this section. For more reliability with our previous works describing the theoretical aspects of the inversion scheme [START_REF] Pallero | Gravity inversion and uncertainty assessment of basement relief via Particle Swarm 31 J o u r n a l P r e -p r o o f Optimization[END_REF][START_REF] Fernández-Martínez | Linear geophysical inversion via the discrete cosine pseudo-inverse: application to potential fields[END_REF] we provide here the original data corresponding to the gravity profile already discussed in these papers. In addition, with the aim at giving more replicable examples for users we have also extended this dataset with 3 other available gravity profiles also acquired during the same survey.

This dataset, acquired from a gravity survey carried out in the Atacama Desert response to the subduction of the oceanic Nazca plate beneath the South American continent [START_REF] Mortimer | The Cenozoic history of the southern Atacama Desert, Chile[END_REF][START_REF] Riquelme | Evolution géomorphologique néogène des Andes centrales du Désert d'Atacama (Chili): interactions tectonique-érosion-climat[END_REF]. These sediments deposited on the western flank of the Andean system in El Salado valley are composed of low density materials (fluvial gravels, sand and clays intercalated with ignimbrite layers [START_REF] Cornejo | Estudio Geológico de la región de El Salvador y Potrerillos[END_REF]). As described in [START_REF] Nalpas | Sedimentation and preservation of the Miocene Atacama Gravels in the Pedernales-Chañaral Area, Northern Chile: Climatic or tectonic control?[END_REF], the Atacama Grav- Cordillera [START_REF] Nalpas | Sedimentation and preservation of the Miocene Atacama Gravels in the Pedernales-Chañaral Area, Northern Chile: Climatic or tectonic control?[END_REF].

FIGURE B.6 HERE (TWO COLUMN WIDTH)

The density contrast sediments-basement has been estimated at around ∆ρ = -800 kg m -3 [START_REF] Gabalda | The Base of the Atacama Gravels Formation (26 • S, Northern Chile): First results from gravity data[END_REF]. This high density contrast and the well preserved nature of these basins, due to the arid climatic conditions in this region, make the Atacama Gravels formation a suitable candidate for basement relief estimation via the gravity inverse problem. Moreover, two observable contacts along the El Salado valley between the dense substratum and the low density sedimentary filling (Figs. B.6 and B.7, red stars) provide valuable information for the gravity data inversion interpretation. Details on the gravity and GPS data acquisition and processing performed according to the state-of-the-art for precise gravity surveys can be found in [START_REF] Gabalda | CG3TOOL: An interactive computer program for Scintrex CG-3M gravity data processing[END_REF][START_REF] Gabalda | The Base of the Atacama Gravels Formation (26 • S, Northern Chile): First results from gravity data[END_REF].

FIGURE B.7 HERE (TWO COLUMN WIDTH)

The dataset is composed of four gravity profiles acquired in uneven topogra- and 18 km for P3, and 32 points and 14 km for P4. The uncertainties of gravity and height data are estimated to be better than 20 µGal and 5 cm respectively.

The interpreted final gravity values (complete Bouguer anomalies) include terrain corrections computed using a 90 m resolution topographic model.

In order to apply GravPSO2D to the observed profiles, we have used in all cases the CP-PSO family member, a swarm of 200 models with 200 iterations, and 3 repetitions were combined, which means that a total of 120 000 generated models for each profile inversion. The L 2 norm was used for the cost function evaluation, and two passes of a 3-element filter window with coefficients equal to 1 was applied. In all cases, a fixed density contrast sediments-basement of ∆ρ = -800 kg m -3 was employed accordingly to previous estimations [START_REF] Gabalda | The Base of the Atacama Gravels Formation (26 • S, Northern Chile): First results from gravity data[END_REF]. The subsoil for each profile has been discretized into vertical rectangles of width corresponding to the mean separation of the observed gravity measurements. We thus obtain, 52 rectangles of width equal to 490 m for P1, 53 rectangles of width equal to 550 m for P2, 52 rectangles of width 360 m for P3

and 33 rectangles of width 420 m for P4. A first regional trend approximation is automatically subtracted from the observed Bouguer anomaly profile with the objective of isolate the residual gravity anomaly. The final regional trend (first order polynomial was chosen) is automatically estimated during the inversion process for removing the long wavelength gravity signal produced by the regional gravity (here mostly related with the deep crustal root of the Andes). In our case, the residual signal is thus supposed to be generated by the sedimentary filling of the Atacama Gravels formation in a local pre-existing morphological basin. The results of the inversion process are discussed hereafter. For the P2 profile the "Quebrada El Salado" cuts the Atacama Gravels near the western end of the El Salvador runway, where the maximum observed thickness of the Graves of Atacama is about 70 m (base at 1425 m, and top at 1495 m). As the point is located on the southern edge of the paleovalley coming from El Salvador, it is expected to have a slightly smaller thickness compared to the value of the profile, around 80 m, which is more in the axis of this paleovalley.

Conclusions

In this paper GravPSO2D, a Matlab software for 2D gravity inversion in sedimentary basins using the Particle Swarm Optimization algorithm has been presented. This software represents the first effort to provide the scientific community with a tool based on the PSO for this particular problem. GravPSO2D is freely available and includes an exhaustive reference manual where all the details related to the input data, file formats, and output results are exposed and analyzed.

It is of particular importance for results interpretation the analysis of the posterior probability distributions of the parameters, an important task that can be accomplished with the help of the powerful and smart ability of the PSO algorithm for sampling the parameters space. We showed its application to sedimentary basin relief estimation in synthetic and real cases.

The real test case presented in this paper contains a dataset of various profiles
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J o u r n a l P r e -p r o o f corresponding to different basin geometries and depths. This dataset acquired in a context of uneven topography and of significant regional gravity anomaly also represent a standard gravity dataset that will enable the user to better handle the inversion and the parameterization taking into account the actual terrain topography and the regional trend. It can be concluded that GravPSO2D is a powerful software to invert and assess the uncertainty of the solution in this kind of problems via a whole family of PSO optimizers.

Computer code availability

The source code of GravPSO2D will be available free of charge in the BGI's webpage (http://bgi.obs-mip.fr/), and in https://github.com/jgpallero/ grav-pso-2d.
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  FIGURE B.2 HERE (ONE COLUMN WIDTH)GravPSO2D can also manage horizontal density contrast distributions. In this case the gravity profile is divided into horizontal sectors, and different vertical density contrast models are assigned to each one. All these configurations are provided via text files.

Fernández-

  Álvarez et al. (2006); Fernández-Martínez et al. (2010a,b); Shaw and 6 J o u r n a l P r e -p r o o f Srivastava (2007). In Fernández-Martínez et al. (2010a), for example, an application of PSO to a 1D-DC resistivity inverse problem is presented. More recently,

  A synthetic subsoil composed by 126 rectangles of 200 m horizontal width with upper sides from height 976 m to 1439 m, and depths are comprised between 10 m and 513 m has been created. The density contrast ∆ρ is variable with depth and also horizontally: two sectors dividing the profile at the middle, the first one with ∆ρ = -580 kg m -3 between depths from 0 m to 100 m, and ∆ρ = -540 kg m -3 for depths greater than 150 m (∆ρ varies linearly between 100 m, and 150 m), and the second one with ∆ρ = -600 kg m -3 between depths from 0 m to 110 m, and ∆ρ = -570 kg m -3 for depths greater than 150 m (∆ρ varies linearly between 110 m, and 150 m). Then a set of 99 points near uniformly distributed, and whose heights coincide with the rectangles top sides were generated. For this points the gravity anomaly corresponding to the subsoil model was generated, and then contaminated with white noise distributed 13 J o u r n a l P r e -p r o o f

  FIGURE B.3 HERE (TWO COLUMN WIDTH)Fig.B.3 (left) shows the general results of the inversion corresponding to the best model (the one among all the generated models which produces the minimum cost function value, which corresponds to a 2.91 % relative misfit). This plot is generated by the grav2d_Plot.m script, and it is composed mainly by two parts. The upper one shows the inversion residuals corresponding to each observation point, while the lower part presents a general overview of the estimated sediments-basement interface. This interface is composed, in turn, by the depths corresponding to the best model, and a range of depths comprising all generated models inside the equivalent region with relative misfit lower than a selected value by the user, 4.5 %, in this case. At this point there is a limitation related to the filtering step that must be taken into account. Due to border effects in filtering the rectangles close to the profile ends must be analyzed carefully, and sometimes ignored. In such rectangles, where in general the sediments depth is shallow, the border effects of the filtering step produce in many cases unrealistic results that could not match the actual basement-sediments interface. Fig. B.4 presents an important plot also generated by the grav2d_Plot.m script. For each rectangle, this plot contains in its upper part the cumulative distribution function computed using all the models inside the working equivalent region (4.5 % in this example), and in its lower part the corresponding histogram. These plots are important because the user can inspect the probability distribution

Figs

  Figs.B.3, B.4, and B.5 show, together with the estimated model, the true model (green line). As it can be shown, there are differences between it and the best and median models. All these differences are a consequence of the well known characteristics of inverse problems, i. e., their inherent non-uniqueness in the case of potential field based methods, the presence of noise in observations(Fernández-Martínez et al., 2014a,b), the always finite number of observations,

(

  north Chile) by[START_REF] Gabalda | The Base of the Atacama Gravels Formation (26 • S, Northern Chile): First results from gravity data[END_REF], with the purpose of the basement relief of a sedimentary basin estimation, where irregular sediment thickness was suspected (presence of paleo-valleys). This region of central Andes (see Fig.B.6 for a general overview) is characterized by these continental sediments, known as the Atacama Gravels formation, derived from the Andes mountains' erosion, and deposited in a central depression formed during the built up of the Andean system in

  els preserved along of the Río Salado catchment represent the infill of a drainage system of paleo-valleys converging to a canyon outlet open towards the Pacific Ocean (see Fig. B.7, dash line with arrow), indicating exoreic conditions just before sedimentation. The preservation of the Atacama Gravels was related to a fall of fluvial transport capacity (limiting the mass transfer to the ocean and initiat-18 J o u r n a l P r e -p r o o f ing the sedimentation) consecutive to a progressive climatic shift towards aridity during the Miocene. Field observations suggest that the thickness of the Atacama Gravels may reach around 150 m to 200 m in the Central Depression, and up to 500 m in the "Pampa del Inca" paleovalley north of Potrerillos in the Domeyko

  phy area with elevations ranges between 800 m to 2400 m (see location of the 4 profiles on Figs. B.6, and B.7). Three of them (P1, P2, and P3) have an orientation W-E and an average altitude between 1200 m and 1500 m, while the fourth one (P4) shows an orientation mainly NW-SE and an average altitude of about 2100 m (in any case, all profiles present an ascending topography eastward). The number of observed gravity measurements and the lengths for each profile are respectively 52 points and 25 km for P1, 53 points and 31 km for P2, 51 points 19 J o u r n a l P r e -p r o o f

FIGURE

  FIGURE B.8 HERE (TWO COLUMN WIDTH)

Fig

  Fig. B.12 (right) shows the cumulative distribution function and the corresponding histogram for the rectangle. About the estimated regional trend, all profiles present a slope of value ∼ -3.26 mGal km -1 (the adjusted values corresponding to the median models are -3.35 mGal km -1 , -3.23 mGal km -1 , -3.26 mGal km -1 , and -3.23 mGal km -1 for profiles P1, P2, P3,and P4 respectively). Fig. B.13 shows the original and residual anomaly, as well as the adjusted trend for the P1 (left), and P2 (right) profiles, while Fig. B.14 represents the same data for the P3 (left), and P4 (right) profiles.In addition to the geological constraints given on the termination of the sedimentary filling (outcropping basement) along the surveyed gravity profiles, we also have direct field observations of the actual thickness of the Atacama Gravels near the profiles P2 and P4 revealed by the erosion of the Río Salado, which allows to see locally the altitude of the base of the gravels (seeFigs. B.6, and B.7, red stars). These deposits correspond to a sedimentary layer with a variable thickness, moderate in the central depression (100 m to 200 m) and more important upstream for the paleovalleys, which reach the Cordillera of Domeyco (going up to 500 m), like the "Pampa del Inca" paleovalley, north of Potrerillos[START_REF] Nalpas | Sedimentation and preservation of the Miocene Atacama Gravels in the Pedernales-Chañaral Area, Northern Chile: Climatic or tectonic control?[END_REF].For the P4 profile the "Quebrada El Salado" completely intersects the Atacama Gravels NE of the profile, a little upstream of the paleovalley of the "Pampa del Inca", where the maximum thickness of the Graves of Atacama is about 360 m

  Figure B.1: Two-dimensional basin model as an accretion of rectangles.

Figure B. 2 :

 2 Figure B.2: Piecewise example model for vertical density contrast variation.

Figure B. 3 :

 3 Figure B.3: Best model (left), and median model (right) obtained in the inversion of the reduced synthetic model using absolute constraints.

Figure B. 4 :

 4 Figure B.4: Cumulative distribution function (top) and histogram (bottom) for the rectangle number 22 in the inversion of the reduced synthetic model using absolute constraints.

Figure B. 5 :

 5 Figure B.5: Cumulative distribution functions and histograms for the rectangle number 15 in the inversion of the reduced synthetic model using absolute constraints (left), and without absolute constraints (right).

Figure B. 6 :

 6 Figure B.6: Topography of the El Salado valley, observed gravity profiles P1 to P4, and location of the two points (red stars) of known sediments thickness.

Figure B. 7 :

 7 Figure B.7: Geological background of the El Salado valley and observed gravity profiles P1 to P4.

Figure B. 8 :

 8 Figure B.8: Median models for P1 (left), and P2 (right). Red points were not used in the cost function evaluation as they are situated in the outcropped basement.

Figure B. 9 :

 9 Figure B.9: Median models for P3 (left), and P4 (right). Red points were not used in the cost function evaluation as they are situated in the outcropped basement.

Figure B. 10 :

 10 Figure B.10: Rectangle of constant density and an exterior point to it.

Figure B. 11 :

 11 Figure B.11: Cumulative distribution functions and histograms corresponding to the deepest points of the westwards (left) and eastwards (center) in the estimated median model for the P1 profile, and the deepest point in the estimated median

Figure B. 12 :

 12 Figure B.12: Cumulative distribution functions and histograms corresponding to the deepest points of the westwards (left) and eastwards (center) in the estimated median model for the P3 profile, and the deepest point in the estimated median model for the P4 profile (right).

Figure B. 13 :

 13 Figure B.13: Gravity anomaly corresponding to the median models for the P1 (left), and P2 (right) profiles. Red points were not used in the cost function evaluation as they are situated in the outcropped basement.

Figure B. 14 :

 14 Figure B.14: Gravity anomaly corresponding to the median models for the P3 (left), and P4 (right) profiles. Red points were not used in the cost function evaluation as they are situated in the outcropped basement.
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