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 in order to fully recover IP information contained in EM data. Through a three layers synthetic example, we present the inversion method developed to constrain the multi-parameters problem using an 1D inversion module fully implemented to the 3D code for methodological developments. Secondly, a 3D synthetic example is showed to illustrate a transposition of the developed inversion method to the 3D code.

Frequency dependent CR implementation to the inversion problem leads to the multiplication of the number of parameters and so, to the number of equivalent solution. In order to constrain efficiently the multi-parameters problem, we decomposed the inversion through a multi-stages strategy. Indeed, the problem is decomposed in a two stages procedure, based on the electrical field sensitivity to CR. In a first stage, the resistivity norm |ρ * | is solved in-verting the amplitude of the electrical field response which present a low sensitivity to the CR phase ϕ cpx (1). From the retrieved model in the first stage, we invert in a second stage the electric field phase residual to obtain the CR phase ϕ cpx image. Furthermore, to manage the increasing number of parameters several empirical relaxation models are commonly used to describe CR spectrum, as the most used one, the Cole-Cole (CC) resistivity model [START_REF] Cole | Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics[END_REF] [START_REF] Pelton | Mineral discrimination and removal of inductive coupling with multifrequency IP[END_REF]. In this study, we chose to keep a general formulation of the frequency dependent CR by using a 2 n d order polynomial parameterization. CR norm |ρ * |(ω) and phase ϕ cpx are the n parameters according to following equations :

|ρ * (ω)| ∝ P 2 ω 2 + P 1 ω 1 + P 0

(1)

Φ cpx (ω) ∝ Q 2 ω 2 + Q 1 ω 1 + Q 0 (2)
The inversion problem is then reduced to 6 parameters per cell independently to the number of frequency used. In the multi-stages procedure describes above, only 3 parameters per cell are solved simultaneously. Method was developed using a 1D inversion module based on the semi-analytic solution forward code used to solve the primary electrical field of the 3D code and a gradient solved by perturbation. The optimisation is based on a Gauss-Newton estimation of the model update and a linesearch based on a bracketing strategy (Métivier and Brossier, 2016). In following example, we minimize the L2 norm of the logarithm of the data augmented by a Tikhonov regularisation with a max-imum smoothness constrain [START_REF] Grayver | Threedimensional parallel distributed inversion of CSEM data using a direct forward solver[END_REF]. We used inline electric field of an 500 meters acquisition profile with a 25 meters spacing, from an inline horizontal electric dipole (HED). 25 frequencies spaced logarithmically from 0.01 Hz to 30 kHz were used and starting model as a constant homogeneous half-space of 500Ω.m and a CR phase of -1mrad. Following the 1D development phase and previous results, the method was transposed to the 3D case in the main code POLYEM3D. l-BFGS optimization is used here. Gradient was computed using the adjoint-state method [START_REF] Plessix | Resistivity imaging with controlled-source electromagnetic data: depth and data weighting[END_REF] for the CR case and appropriate change of variables were implemented in order to properly precondition the inverse problem and compensate the sensitivity heterogeneity. Figure 4 presents the results obtained for a simple 3D CR synthetic model inversion with a conductive and polarizable cube according to a CC model within a constant half-space with negligible CR phase (100Ω.m and -1mrad). 

CONCLUSIONS

We show through 1D synthetic data inversions and preliminary 3D results that we are able to estimate a complex resistivity and its frequency variation from CSEM data by considering all the IP/EM coupling, when IP signals are sufficiently large compared to EM induction. Our inversion strategy allows then to access to IP parameters of the medium in an extended frequency domain as well as for greater depth of investigation. A 3D CSEM survey was undertaken in December 2020 on the former mining site of La Porte-Aux-Moines (Côtes-d'Armor, France) presenting strong IP responses, to validate our inversion method for a 3D in-situ dataset.
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 12 Figure 1: Normalized amplitude and phase of the electric response relative to the offset/skin depth δ ratio over a constant resistivity halfspace with (dotted) and without (solid) -100 mrad of CR phase

Figure 2 b

 2 Figure2b) shows CR soundings results at each frequency compared to the true CR model. The CR norm image is the result of the first stage whereas the CR phase image the result from the second stage of our inversion procedure. The layer geometry is well defined for |ρ * | and ϕ cpx and the shape of the CR spectrum is correctly retrieved in the layer as shown in c). The data fit after each stage can be seen in d) for one of the reception sites. We can notice the residual remaining after stage 1 on the electrical phase being fitted in stage 2, without alterring significantly the fit on the amplitude.
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 3 Figure 3: Surface acquisition geometry using 4 HED transmitters oriented to the center of a reception grid measuring the electrical field response (blue circles);

Figure 4 :

 4 Figure 4: Results of the 3D inversion (l-BFGS optimization and L2 norm) of a polarizable cube (black square) accordingly to a Cole-Cole model (ρ 0 = 10Ω.m m = 0.5 τ = 0.1s c = 0.5) in a homogeneous background (100Ω.m and -1mrad). Final data rms < 1%. b) Norm and phase image of the CR at 5 Hz extracted for the profile AA' in figure 3 . c) CR spectrum at the top-center of the cube ; d) Data fit at the reception site directly above the center of the cube
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