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General Introduction 

  

The Iberian Pyrite Belt (IPB) is one of the oldest and still active mining districts in the 

world. In the last decade, a renewed mining activity and scientific research have led 

into a wealth of new data and new geological hints for explorers and for the academic 

community, making the IPB one of the most important and dynamic mining districts in 

Europe (Inverno et al, 2015). In this region, the great number of different signatures 

related to the ore body and to its vectors call for an integrated use of complementary 

geophysical methods. The sulfides targets show contrast in both density and electrical 

properties, and historically gravity has played a crucial role for exploring in the IPB. 

These methods have been later accompanied by EM methodologies, both airborne and 

ground, given their high sensitivity to conductive targets (Menghini et al, 2022).  

 

With this contribution we will focus on an application of a novel modelling approach 

that aims to properly extract the Induced Polarization (AIP) effects from the Airborne 

Electromagnetic (AEM) data. The AEM survey has been acquired in the IPB for mineral 

exploration to localize the VMS deposit. After the AIP modelling, we will show a 

comparison between the airborne chargeability and some overlapping ground IP 

models from the same area. This comparison aims to better understand the potential 

in the use of AIP for exploration and to attempt an improvement in the definition of 

the sensitivity field of the airborne technique, as well as its relationships with ground 

IP. Then, a joint inversion between the two methods will be presented. 

 

Inductive Induced Polarization - theory and modelling 

 

It is known and accepted that the Electromagnetic methods are sensitive to Induced 

Polarization effects (AIP) when acquired over a polarizable medium (Kratzer and 

Macnae, 2012; Viezzoli et al., 2013). From a physical point of view, the polarization 

processes generate currents in the ground (polarization currents) with an opposite 

direction respect to the pure EM currents (eddy currents) that proceed downward with 

a diffusive regime. These effects generate a distortion of the recorded electromagnetic 

signal which often culminate in its change of sign at late times when the halfspace is 
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particularly polarizable. In general, the distortions generated from IP have two 

signatures in the EM data: a faster decay (respect to the purely resistive forward 

response) and/or negative voltages. Under these conditions, the standard EM 

modelling, which does not account for polarization currents, ceases to be valid (Smith 

and Klein, 1996): the negative data cannot be fitted and the fast-decaying signals are 

modelled as strong resistors, generating artifacts. 

To avoid the mis-modelling of EM-IP affected data, it is necessary to use a dispersive-

resistivity model (such as the Cole & Cole one) to compute the forward response and 

considering the capacitive nature of the ground. This approach gives the opportunity 

to map, as well as the resistivity, the chargeability of the ground that is often related to 

significant economic (or signatures of) mineralization. At the same time, it complicates 

the inversion process adding three more parameters and expanding the model space 

generating equivalent domains. It follows that an appropriate parameters 

management during the inversion process is crucial to properly retrieve the ground 

description and to maximize the AIP sensitivity to geological and mineral targets. 

 

Geophysical and geological description 

 

The Airborne EM data have been acquired in spring 2022 with the NRG XCite Time 

Domain system, with a 25Hz base frequency, and the acquisition lines are illustrated 

in black lines in figure 1. In the same area, 18 SyscalPro lines (0.125Hz of base 

frequency, 50% duty cycle) of ground Time Domain DCIP have been acquired (red lines 

in figure 1). 

 

 

 

Figure 1. Survey location. In black the Airborne EM lines are displayed, in red the DCIP. 

 

In the base map of figure 1 the local geology is shown. Two main domains are visible: 

a volcanic intrusive one in the north, where Rhyolite and Dacite are presented in red 

and green, and a more recent sedimentary domain that covers the outcrop is in yellow 

in the southern area. The main tectonic features are represented in black and outcrops 

in the northernmost part of the investigated area. 
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Data modelling and inversion 

 

Among the differences between Airborne and Ground IP, the most obvious are in the 

in footprint, depth of investigation and spectral content, with AEM data’s frequency 

bandwidth usually a couple of orders of magnitudes higher than that of ground IP data. 

Beside these problems, another major issue, not always recognized, is the difference in 

the modelling approach. Ground IP data is usually modelled dropping the spectral 

information, e.g., turning a full secondary voltage decay into a single value of integral 

chargeability (e.g. Oldenburg and Li, 1994). Moreover, the effect of current waveform 

is often not modelled, resulting in inversion models in which the retrieved polarization 

magnitude strongly depends on the acquisition settings of the current waveform, 

making a quantitative comparison between AIP and Ground IP impossible (Olsson et 

al., 2019).  

On the contrary, in this study we model the IP spectral content in both AIP and Ground 

IP data with the same modelling approach, in terms of data-preparation, model space 

management and inversion approach. 

In particular, the galvanic data have been modelled in 2D in terms of full-voltage decay 
(instead of the integral chargeability), taking into account the transmitter waveform 
and the receiver transfer function (Fiandaca et al., 2012; Fiandaca et al., 2013; Bollino 
and Fiandaca, 2024). The inductive data have been modelled in 1D, and to reduce the 
model space and to enhance the spectral resolution, the frequency dependence and 
time constant parameters have been set to vary only horizontally (while resistivity and 
maximum phase change also with depth).  
For both the methos, the Maximum Phase Angle (MPA) re-parametrization of the Cole 
& Cole model has been used (Fiandaca et al., 2018). In the MPA Cole-Cole model, the 
maximum phase 𝜑𝑚𝑎𝑥 of the complex conductivity and the phase relaxation time 𝜏𝜑 
are used instead of 𝑚0 and 𝜏𝜌 (of the classic Cole & Cole model). The phase of the 
complex conductivity can be defined in terms of both equations 1 and 2 as: 
 

𝜑(𝜔) = 𝑡𝑔−1 (
𝜎”(𝜔)

𝜎′(𝜔)
) = −𝑡𝑔−1 (

𝜌”(𝜔)

𝜌′(𝜔)
)    (eq.1) 

 

The phase reaches his maximum 𝜑𝑚𝑎𝑥 at an angular frequency 𝜔≡1/𝜏𝜑 as: 
 

φmax = 𝑡𝑔−1 (
𝜎”(1/𝜏𝜑)

𝜎′(1/𝜏𝜑)
) = 𝑡𝑔−1 (

𝜌”(1/𝜏𝜑))

𝜌′(1/𝜏𝜑)
)  (eq. 2) 

 

Finally, the model space of the MPA Cole-Cole model can be written as: 
 

𝑚𝑀𝑃𝐴 𝐶𝑜𝑙𝑒−𝐶𝑜𝑙𝑒 = {𝜌0, 𝜑𝑚𝑎𝑥, 𝜏𝜑, 𝐶} 
 

The MPA parametrisation replace the strongly-correlated parameters 𝑚0 and 𝐶 of the 
classic Cole-Cole model with the weakly-correlated parameters 𝜑𝑚𝑎𝑥 and 𝐶 (Fiandaca 
et al., 2018), to improve the resolution retrieved from inversion IP data of the classical 
Cole-Cole model. 
The inversions have been performed with the inversion with EEMverter (Fiandaca et 
al., 2024), following a modelling scheme that uses voxel model mesh to map the solved 
parameters via an interpolation of the forward mesh solutions. The decoupling of the 
model mesh and the forward mesh allows to work with more flexible and manageable 
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spaces (forward and model) to perform joint inversions and time laps inversions. In our 
inversion procedure, in order to increase the parametrical resolution and the phase 
sensitivity in depth, we parametrized the spectral parameters (𝜏𝜑, 𝐶) on an 
independent mesh respect to resistivity and phase, with different lateral constraints 
and vertically fixed (as proposed by Viezzoli and Fiandaca in 2021). 

 

Results 

 
In figure 2a and 2b the results are shown, with a comparison between a portion of the 
airborne and the ground DCIP modelled chargeability (phase) with our modelling 
approach. 

 
 

Figure 2. a) Example of ground DCIP phase results and, in dashed line, the AEM survey flown above; b) 
Partial Ground DCIP vs Airborne IP phase results 
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As visible from the figures, a great correlation between the airborne and ground is obtained when 

modelling with the presented approach. The airborne chargeability model shows a consistent 

structure with the ground model in depth and a geology-controlled behaviour in the shallower near 

surface. A known mineralization has also been mapped with the AIP. The differences in the near 

surface are consequence of the big electric dipoles dimension used for the ground DCIP (100m).  For 

this dataset, all the airborne IP chargeability anomalies have been confirmed from the ground IP. 

After this, we performed a joint inversion between all the ground DCIP lines (17) and the entire AEM 

survey. For the joint inversion we used the AEM model (for all the parameters) as starting model for 

the joint inversion. In figure 3 the results are shown.  

 

 

Figure 3. Comparison between AEM only model (on the left) and Joint Inversion model (on the right) for a 
slice at 60 m of depth. Figure 3a shows a comparison between the resistivities while figure 3b a comparison 
between chargeabilities. 

 

In figure 3a a comparison between the AEM only and joint inversion resistivity is presented. As visible, the  

main structural are mantained in the inversions. Differently, in figure 3b, it appears that introducing the 

ground DCIP lines in the inversion add structure in the chargeability model for the entire survey area. In terms 

of misfit, the general misfit of the AEM only inversion is 1.6 while the misfit for the joint inversion is 1.7, 

confirming how the AEM data accept the jointly obtained chargeability model obtained together with the 

ground IP. 

 

Conclusions 

 

This study shows encouraging results in the using of the Airborne Induced Polarization for 

chargeability mapping for airborne-scale areas. In particular it results that: 

a) 

b) 

AEM only Joint Inversion 
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• Reducing the equivalences in the AEM-IP modelling is a key to unlock the understanding of 

the AIP sensitivity to geological and mineral targets. 

• For this case study, the airborne chargeability shown sensitivity to deep chargeable bodies. 

• All of the airborne chargeability anomalies have been confirmed from the ground DCIP 

models, demonstrating an overlapping field of sensitivity between the methods. 

• Known mineralizations have been mapped with the AIP. 

• The joint inversion between the DCIP and the AIP is possible and shows how the AEM data 

not only is compatible with the joint model, but also contribute in the chargeability 

mapping. 
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