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INTRODUCTION 
 

The induced polarization (IP) phenomenon in airborne 

electromagnetic AEM data (AIP) presents a challenge to 

exploration in many parts of the world. It is a well-known 

phenomenon since Smith and Klein (1996) first demonstrated 

the presence of IP effects, which have been further discussed by 

several authors (e.g., Marchant et al., 2014; Macnae, 2016; 

Viezzoli et al., 2017). IP-affected AEM data are often 

interpreted in terms of the Cole-Cole model (e.g., Marchant et 
al., 2014; Viezzoli et al., 2017; Lin et al., 2019), but the 

inversion problem is particularly ill-posed: for a 1D inversion 

of a single sounding four parameters have to be retrieved for 

each model layer. Furthermore, AIP and ground IP modelling 

are usually carried out in different inversion frameworks, 

making difficult a direct comparison of the results. In this study 

we present a novel inversion software, EEMverter, specifically 

developed to model electric and electromagnetic data taking 

into account the IP phenomenon. Three distinctive features 

have been implemented in EEMverter: i) 1D, 2D and 3D 

forward modelling can be mixed sequentially or simultaneously 

in the iterative process within multiple inversion cycles, for 

diminishing the computational burden; ii) the joint inversion of 

AIP, ground EM-IP and ground galvanic IP data is fully 

supported with a common IP parameterization; iii) time-lapse 

inversions of AIP, EM and galvanic IP data is possible with 
both sequential and simultaneous approaches . In the following, 

the implementation of EEMverter is described, with examples 

of synthetic and field inversion results. 

 

METHOD 

 
In EEMverter the inversion parameters are defined on model 

meshes which do not coincide with the forward meshes used for 

data modelling: the link between model and forward meshes is 

obtained interpolating the model mesh parameters into the 

forward mesh discretization, as done for 1D AEM in 

Christensen et al. (2017), in 3D galvanic IP in Madsen et al. 

SUMMARY 
 

The interest on Induced Polarization (IP) in AEM data 

(AIP) has significantly increased in recent years, both 

within the research community and in the industry. 

However, the inversion of AIP data is particularly ill-

posed, especially when spectral modelling, such as Cole-
Cole modelling, is used. Furthermore, the comparison of 

AIP and galvanic ground IP inversion models is hindered 

by the fact that the IP effect is usually modelled differently 

in the inductive and galvanic computations. 

In this study we present a new inversion software, 

EEMverter, which has been developed to model IP in 

electric and electromagnetic (EM) data within the same 

inversion framework. In particular, three specific goals 

have been identified within EEMverter’s development: i) 

to allow multiple inversion cycles that mix, sequentially or 

simultaneously, 1D, 2D and 3D forward modelling, for 

diminishing the inversion burden; ii) to allow the joint 

inversion of AIP, ground EM-IP and ground galvanic IP 

data; iii) to allow time-lapse inversions of AIP, EM and 

galvanic IP data. 

EEMverter has been tested on several AEM and AIP 
surveys, also in conjunction with ground EM and ground 

galvanic IP data in joint inversion. In this study, the 

inversion of the VTEM AIP survey over the Valen Cu-Ni 

deposit is presented, highlighting the improvements in 

model resolution when compared to standard inversion 

approaches. 
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(2020) and in 3D EM in Zhang et al. (2021), Engebretsen et al. 

(2022) and Xiao et al. (2022a). This spatial decoupling allows 

for defining the model parameters, e.g. the Cole-Cole ones, on 

several model meshes, for instance one for each inversion 

parameter. In this way, it is possible to define the spectral 

parameters, like the time constant and the frequency exponent 

in the Cole-Cole model, on meshes coarser than the resistivity 
and chargeability ones, vertically and/or horizontally, with a 

significant improvement in parameter resolution. 

For each dataset of the inversion process, a distinct forward 

mesh is defined. The interpolation from the model parameters 

𝑴 defined on the model mesh nodes into the values 𝒎𝒊  at the 

subdivisions of the ith forward mesh is expressed through a 

matrix multiplication, in which the matrix 𝑭𝒊  holds the weights 

of the interpolation, which depends only on the distances 
between model mesh nodes and the subdivisions of the ith 

forward mesh: 

 

𝒎𝒊 = 𝑓𝑖(𝑴) = 𝑭𝒊 ∙ 𝑴   (1) 
 

In EEMverter 1D, 2D and 3D forward & Jacobian computations 

have been implemented. In particular, Transient EM data are 

modelled in 1D following Effersø et al. (1999); in 3D the 

forward solution is carried out in frequency domain , with the 

finite element method, both with tetrahedral elements or with 

the octree approach, similarly to what has been done with the 

time-stepping time-domain approach in Zhang et al. (2021) and 
Xiao et al. (2022a). The finite element approach is used also for 

frequency-domain galvanic computations in 2D (Fiandaca et 

al., 2013) and 3D (Madsen et al., 2020). The transformation to 

time-domain is obtained through a fast Hankel transformation 

(as in Effersø et al., 1999) for both the forward response and the 

Jacobian. In particular, the time-domain Jacobian in the ith 

forward mesh is computed as: 

 

𝑱𝒎𝒊 ,𝑻𝑫
= 𝑨 ∙ 𝑻 ∙ 𝑱𝒎𝒊,𝑭𝑫

   (2) 

 

Where the matrix 𝑻 holds the Hankel coefficients, the matrix 𝑨 

implements the effects of current waveform, gate integration 

and filters and the frequency-domain Jacobian 𝑱𝒎𝒊 ,𝑭𝑫
 is 

calculated in 1D through finite difference and in 2D/3D using 

the adjoint method and the chain rule as in Fiandaca et al. 

(2013) and Madsen et al. (2020):  

 

𝑱𝒎𝒊 ,𝑭𝑫
= 𝑱𝝈∗,𝒊 ∙

𝝏𝝈∗

𝝏𝒎𝒊
   (3) 

 

where 𝑱𝝈∗,𝒊 is the Jacobian of the ith forward mesh with respect 

to the complex conductivity 𝝈∗ and 
𝝏𝝈∗

𝝏𝒎𝒊
 is the partial derivative 

of the complex conductivity versus the model parameters. This 

approach, contrary to the time stepping approach, allows to use 

any parameterization of the IP phenomenon in the inversion . 

Finally, the Jacobian of the model space 𝑱𝑴 is computed 

summing the contributions of all forward meshes up 

(Christensen et al., 2017; Madsen et al., 2020, Zhang et al., 

2021), using the domain decomposition with a forward mesh 

for each sounding in 3D EM computations (Cox et al., 2010; 
Zhang et al., 2021): 

 

𝑱𝑴 = ∑ 𝑱𝒎𝒊
∙ 𝑭𝒊

𝑇
𝒊     (4) 

 

The total Jacobian is used for computing the inversion model in 

a Levenberg-Marquardt linearized approach as follows: 

𝑴𝑛+1,𝑗 = 𝑴𝑛,𝑗+ [𝑱𝑴,𝒋
𝑇𝑪𝑑

−1𝑱𝑴,𝒊+𝑹𝑇𝑪𝑅,𝑗
−1𝑹𝒋+

𝜆𝑰]
−1
∙ [𝑱𝑴,𝒋

𝑇𝑪𝑑
−1 ∙ (𝒅 −𝒇𝑛,𝑗)+𝑹𝑇𝑪𝑅,𝑗

−1𝑹𝒋 ∙ 𝑴𝑛,𝑗] 
     (5) 
 

In equation (5) the subscript j indicates that the inversion 

process can be split in several inversion cycles: in each cycle j 

it is possible to change the forward computation for each dataset 

(e.g. from 1D to 3D), as well as to insert/remove 

data/constraints from the objective function. Figure (1) shows 
the 3-cycle inversion scheme for AIP inversion, in which the 

parameters of the Maximum Phase Angle (MPA) Cole-Cole 

reparameterization (Fiandaca et al., 2018) are defined in two 

distinct model meshes: the resistivity ρ and the phase φ vary 

both horizontally and vertically (Figure 1a), but the time 

constant τ and the frequency exponent C vary only 

horizontally (Figure 1b), for increasing the sensitivity of the 

spectral parameters. 

 
Figure 1.  EEMverter multi-cycle inversion scheme for 3D 

AEM inversion with Induced polarization. a) Model mesh 

for resistivity ρ and phase φ, with depth variability, with 

red polygons representing AEM frames. b) Model mesh for 
relaxation time τ and frequency exponent C, without depth 

variability. c) First inversion cycle for computation of 

automatic starting model, with 1D forward meshes (grey 

bars) composed by only one layer. d) Second inversion cycle 

with 1D forward/Jacobian computations, with vertical 

discretization of the 1D forward meshes (grey bars). e) 

Third inversion cycle with mixed dimensionality of the 

forward/Jacobian meshes: 1D for the soundings with red 

frames and 3D for the soundings with blue frames (left: 3D 

Mesh; right: subset of the 3D mesh and 1D meshes) 

 

a)   b) 

 

 

 

 

 

                              ρ, φ                                        τ, C 

 

c) 

 

First inversion cycle: 

Automatic starting model 

through 1-layer 1D inversion 
 

 

 

d) 

Second inversion cycle: 

1D forward/Jacobian 

 

 

 

 

 

e) 

Third inversion cycle: 

Mixed 

1D/3D 
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The 3-cycle inversion comprises: i) a first cycle which finds the 

best starting model without vertical variability of the 

parameters, through the use of a single-layer 1D forward mesh 

(Figure 1c); ii) a second cycle with 1D forward/Jacobian 

computations; iii) a third cycle that switches to 3D 

computations the soundings in area with strong contrasts in 

electrical properties. 
 

Figure 2 presents the model and forward meshes for a joint 

inversion, in which 1D AEM and 1D ground EM computations 

are combined with 2D galvanic computations. 

 

 
Figure 2.  EEMverter multi-mesh inversion scheme for 

Joint inversion of inductive and galvanic data. a) Model 

mesh and data positions: red polygons for AEM frames; 

blue squares for ground TEM frames; magenta line for 

galvanic 2D profile. b) Galvanic 2D forward mesh. c) 

Ground TEM frames (blue squares) and corresponding 1D 

soundings (grey bars). d) AEM frames (red polygons) and 

corresponding 1D soundings (grey bars). 

 

Figure (3) presents the time-lapse approach of EEMverter, in 

which all the models of all the time steps can be inverted at 

once, without the need of relocating the model meshes when the 

positions of the acquisitions vary among the time steps , as in 

Xiao et al. (2022b). 

 
Figure 3.  EEMverter multi-mesh inversion scheme for 

Time-Lapse inversion. a) Model mesh corresponding to the 

first Time-lapse acquisition (red polygons). Model mesh 

corresponding to the second Time-lapse acquisition (blue 

polygons), identical to the first model mesh despite of the 

different sounding positions. c) Forward meshes (grey bars) 

of the first acquisition (red frames). d) Forward meshes 

(grey bars) of the second acquisition (blue frames). 

RESULTS 
 

The joint inversion of AEM, ground EM and galvanic IP data 

through EEMverter is presented in Dauti et al. (2023) in 

applications related to mineral exploration and in Signora et al. 

(2023) for the characterization of the HydroGeosITe, the Italian 

reference and calibration site for hydrogeophysical methods 

under development in Brescia, Italy. 

 

 

 

 

 

 
 

 

 

In this study we present the inversion of the Nieves survey 

(Fiandaca et al., 2021), a VTEM survey carried out on a low-

sulfidation epithermal Ag-Au vein within the Mexican altiplano 

Ag belt. 

In Fiandaca et al. (2021) only 11 km of data were inverted, but 

in this study the entire 1170 line km of VTEM data have been 

inverted in a unique inversion process, with the approach 

presented in figure (1), but without the final 3D inversion cycle. 

Table 1 presents a comparison of the sensitivities of the four 

Cole Cole parameters, in terms of maximum elements of the 

𝑱𝑷
𝑇𝑪𝑑

−1𝑱𝑷 matrix, for two cases: 1) no vertical variability for 

τ and C (i.e. τ and C defined on the mesh of Figure (1b); 2) 

vertical variability for τ and C (i.e. τ and C defined on the mesh 

of Figure (1a). Coarsening the spatial discretization of τ and C, 

allowing no vertical variability, causes an increase in their 

sensitivity more than ten-fold, with a significant improvement 

in resolution and decrease in correlations among parameters.  

Figure (4) shows the inversion model of the maximum phase of 

the MPA model, in comparison with the alignments of 
chargeable bodies found in the same area with frequency-

domain galvanic IP data. 

A very good agreement between the direction, magnitude and 

depths of the AIP anomalies and the galvanic IP anomalies  

 

parameter Max 𝐽𝑃
𝑇𝐶𝑑

−1𝐽𝑃  value, 

τ and C without 

vertical variability 

Max 𝐽𝑃
𝑇𝐶𝑑

−1𝐽𝑃  

value, τ and C with 

vertical variability 

ρ 3.5E+03 3.5E+03 

φmax 2.1E+02 2.1E+02 

τ 6.5E+01 5.9E+00 

C 3.2E+02 1.7E+01 

 

Table 1. Maximum element of the matrix 𝑱𝑷
𝑻𝑪𝒅

−𝟏𝑱𝑷, for the 
first iteration of the inversion, without vertical variability 

for τ and C (Figure 1b) and with vertical variability (Figure 

1a). 

 

CONCLUSIONS 

 

Figure 4. Synthetic model and inversion results. a) 
resistivity section of a MPA IP simulation of electrical 

properties; b) inversion model of DCIP data; c) inversion 

model of AEM+ground EM data; d) inversion model of 

AEM+ground EM+tTEM data; e) joint inversion of all 

inductive and galvanic data. 

 

In both cases a unique inversion model in terms of MPA 

parameterization is able to describe both inductive and full-

decay galvanic data, with data misfits very similar to the ones 

a)   b) 

 

 
 

 

 

 

 

c)   d) 

a)   b) 

 

 

 

 

 

 

 

c)   d) 

a) 

b) 

c) 

d) 

e) 
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obtained with independent inversions, in contrast to the findings 

of Christiansen et al. (2007). Figure 4 presents the resistivity 

section of a synthetic model that mimics the electrical 

properties (both conduction and polarization) of sand, clay and 

consolidated formations, based on the petrophysical relations 

described in Weller et al. (2015), together with the inversion 

model of inductive and galvanic data. In particular, four 
different inversion results are presented: direct current and full-

decay induced polarization (DCIP) galvanic data, with 10 m 

electrode spacing and 2D gradient sequence; AEM + ground 

EM data, with sounding distance of 40 m; AEM+ground EM + 

tTEM data (Auken et al., 2019), with tTEM soundings every 10 

m; all data together in a joint inversion scheme. 

 

The joint inversion presents much better resolution capability, 

with the inductive and galvanic data complementing each other 

in resolving both conductive and resistive layers. The same kind 

of improvement is found in Signora et al. (2023) with field data. 

Another example of joint inversion of AEM and galvanic VES 

data in EEMverter, without IP modelling but with integration 

with resistivity logs is presented in Galli et al. (2023), where the 

asymmetric minimum support norm (Fiandaca et al., 2015) is 

used for an automated rejection of conflicting borehole 
information. A similar approach is implemented in EEMverter 

also for automatic processing of AEM data (2021).  

 

The second EEMverter inversion presented in this study is the 

AIP inversion of four lines of the VTEM survey carried out on 

the Valen Cu-Ni deposit, in South Australia, consisting of 1108 

soundings, with the approach presented in figure (1), but 

without the final 3D inversion cycle, which will be presented at 

the conference. 

 

Table 1 presents a comparison of the sensitivities of the four 

Cole-Cole parameters, in terms of maximum elements of the 

𝑱𝑷
𝑇𝑪𝑑

−1𝑱𝑷 matrix, for two cases: 1) no vertical variability for 

τ and C (i.e. τ and C defined on the mesh of Figure (1b); 2) 

vertical variability for τ and C (i.e. τ and C defined on the mesh 

of Figure (1a). Coarsening the spatial discretization of τ and C, 

allowing no vertical variability, causes an increase in their 

sensitivity more than ten-fold, with a significant improvement 

in resolution and decrease in correlations among parameters. 

 

Figure 5 shows the inversion model of the four MPA 

parameters of the Valen data, while Figure 6 presents the fit of 
one line, plotted in EEMstudio (Sullivan et al., 2023). Very 

good fit is reached in the inversion, with the IP modelling 

decreasing the overall data misfit of more than 20%, when 

compared to the resistivity-only inversion. 

 

Table 1. Maximum element of the matrix 𝑱𝑷
𝑻𝑪𝒅

−𝟏𝑱𝑷, for the 

first iteration of the Valen inversion, without vertical 

variability for τ and C (Figure 1b) and with vertical 

variability (Figure 1a). 

parameter Max 𝐽𝑃
𝑇𝐶𝑑

−1𝐽𝑃  value, 

τ and C without 

vertical variability 

Max 𝐽𝑃
𝑇𝐶𝑑

−1𝐽𝑃  

value, τ and C with 

vertical variability 

ρ 3.5E+03 3.5E+03 

φmax 2.1E+02 2.1E+02 

τ 6.5E+01 5.9E+00 

C 3.2E+02 1.7E+01 

 

 

 

 

 

CONCLUSIONS 
 

We presented EEMverter, a novel inversion software for 

electric and electromagnetic data with focus on induced 

polarization. Three distinctive features have been implemented 

in EEMverter: i) 1D, 2D and 3D forward modelling can be 

mixed sequentially or simultaneously in the iterative process 

within multiple inversion cycles, for diminishing the 

computational burden; ii) the joint inversion of AIP, ground 

EM-IP and ground galvanic IP data is fully supported with a 

common IP parameterization; iii) time-lapse inversions of AIP, 

EM and galvanic IP data is possible with both sequential and 

simultaneous approaches. 

 
We tested EEMverter on several synthetic and field data sets, 

with AIP inversions alone and in joint inversion between: i) 

different AEM systems, ii) AEM and ground based EM data 

and iii) AEM, ground EM and galvanic full-decay DCIP data. 

In particular, the synthetic example of joint inversion of AEM, 

ground EM and DCIP data presented in this study shows a 

significant improvement in spatial resolution, with inductive 

and galvanic data complementing each other in an excellent 

retrieval of both conductive and resistive anomalies. The field 

example of the AIP inversion of the VTEM data acquired over 

the Valen Cu-Ni deposit shows a significant improvement in 

data fit in comparison with the resistivity-only inversion. 

Furthermore, the definition of the spectral Cole-Cole 

parameters in a separate inversion mesh without vertical 

variability allows to enhance significantly their resolution. We 

believe that EEMverter, with its common inversion 
environment for the IP inversion of inductive and galvanic data 

will help in closing the gap between electric and 

electromagnetic data in AEM applications. 
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Figure 5.  EEMverter inversion model of the Valen VTEM survey. Top left – resistivity model; Bottom left – chargeability 

(maximum phase) model; Top right –model of the time constant tau; Bottom right – model of the spectral exponent C. White 

lines represent the acquisition lines. 

 

 
 

Figure 6.  Fit of EEMverter inversion in correspondance to the strongest conductivity anomaly displayed through EEMstudio 

(Sullivan et al., 2023). Top section: flight altitude; bottom section: data (blue markers) and gate-by-gate fit (black lines); right 

panel: exemplary decay in correspondance to the vertical black line along the data stripe. 


