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INTRODUCTION 
  

The IP effect in TDEM data can be observed in coincident-

loop TDEM systems and is manifested as abnormally quick 

decay, which sometimes causes the measured voltage values in 

the receiver coil to demonstrate negative values. This 

phenomenon can significantly alter the shape of the transients 

and therefore may mislead the interpretation to recover false 

structures, with incorrect conductivity-thickness parameters. 

IP effect has been widely recognized in the ground-based 

Time Domain EM surveys, including work done by 

Kamenetsky et al. (2014). Nonetheless, for a long time it has 

been a standard practice within the geophysical community to 

neglect this effect in airborne data and eliminate any negative 

values, when inverting the TDEM data.  

 

There has been a recent and increasing interest in the IP effect 

in airborne data, as it carries potential for recovery of the 

Cole-Cole parameters (Cole and Cole, 1942), including 

chargeability information, which can be extracted from the 

airborne EM data, along with other Cole-Cole parameters.  

These recent attempts include work demonstrated in Kaminski 

et al. (2015), Viezzoli et al. (2013) and Viezzoli et al. (2015).  

 

The goal of the synthetic study, from which a short extract is 

presented here, is to address, under controlled conditions, the 

relevance of IP effect on heliborne TDEM data in different 

realistic scenarios, its impact on the data and the possibility of 

recovering the IP model parameters by means of 

multiparametric inversion. The results presented herein are 

currently under review in “Geophysics” 

 

The real case study deals with a classic geophysical target, i.e., 

kimberlite exploration. Even though it has long been known 

that, under certain conditions, the clay rich, altered kimberlite 

top faces can produce a measure chargeable signal, the 

examples of exploration exploiting IP effects in TDEM data 

are limited (e.g., Kamenetsky et al., 2014). In this paper we 

present results of IP modelling of VTEM data from 

Amakinskaya Kimberlite pipe, in Yakutia, eastern Russia. 

These results are under review in “Exploration Geophysics”. 

 

 

METHOD AND RESULTS 

 
The synthetic models are used to simulate a series of VTEM 

full waveform (long pulse) data sets, which in turn are 

contaminated with noise and further inverted in order to study 

recoverability of various targets in different environments. In 

addition, some noise-contaminated data were artificially 

processed; replicating the advanced processing techniques 

required for optimal results of field data AIP modelling.  

 

In current study we present the results of the study of two 

synthetic models 

 

Kimberlite model: in this model, a synthetic kimberlite pipe 

was placed underneath 30 m overburden. The upper facies of 

the kimberlite (crater) was made chargeable and conductive, 

while the lower facies of kimberlite (diatreme) was made less 

conductive and non-chargeable. Recovery of depth to the 

bottom of chargeable target was studied. 

 

“Simple deep” chargeable model: in this model a series of 

conductive and chargeable targets were placed at increasing 

depths to the maximum depth of 150 m. Possibility to recover 

deep chargeable targets is studied in resistive and conductive 

host rock environments. 

 

The extraction of Cole-Cole parameters on both the synthetic 

and the field data is handled by means of Laterally 

Constrained Inversion (LCI) or Spatially Constrained 

Inversion (SCI).  Both inversions (LCI and SCI) use similar 

forward mapping kernel, based on 1D considerations, in 

which the complex resistivity (dispersive model) is given by 

SUMMARY 
 

There have been multiple evidences in the literature in 

the past several years of what has been referred to as IP 

effect in the Time Domain Airborne EM data (TDEM).  

This phenomenon is known to be responsible for 

incorrect inversion modelling of electrical resistivity, 

lower interpreted depth of investigation and lost 

information about chargeability of the subsurface as well 

as about other valuable parameters. Historically there 

have been many suggestions to account for the IP effect 

using the Cole-Cole model. In current paper we are 

showing the possibility to extract IP information from 

airborne TDEM data including inverse modelling of 

chargeability from airborne TDEM, both synthetic and 

actual VTEM data with a field example from Russia 

(Amakinskaya kimberlite pipe). The synthetic examples 

illustrate how it is possible to recover deep chargeable 

targets (depths to over 130 m) in association with both 

high electrical conductivity and in resistive environments. 

Furthermore, modelling of IP effects allows corrected 

resistivity models. The Amakinskaya kimberlite pipe 

results highlight the relevance of chargeability for 

kimberlite exploration.  
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the model of Cole and Cole. The inversion algorithm, 

modified as per Fiandaca et al. (2012) is providing combined 

estimation of all four parameters from equation (1) in two 

modes described above (LCI and SCI). The inversions are 

subject for regularization and user-defined constraints.  

 

Kimberlite model results: The true model is shown in Figure 

1a and Figure 1b. As it can be seen from the figure the 

kimberlite model consists of 4 general rock types: Overburden 

(OB), Crater facies of kimberlite (S), Diatreme facies of 

kimberlite (M) and the host rock (HR).  

 

 
 

Figure 1. Synthetic kimberlite true 2D model. (a)  

Electrical resistivity model (top 150 m). (b) Chargeability 

model (top 150 m).  

 

The next step was to invert the synthetic data in 

multiparametric mode with simultaneous recovery of four 

Cole-Cole parameters. The latter required testing different 

starting models. In general, the inverse problem is 

underdetermined and considering four varying parameters, the 

problem can become unstable and sensitive to starting models. 

Our objective was to test a wide selection of starting models, 

as well as different types of constraints (vertical and 

horizontal) imposed upon the  and C parameters to test which 

role locking  and C plays in ability to recover the true model. 

Starting resistivity values were tested from 10 to 1000 Ohm m; 

starting chargeability values were tested ranging from 10 to 

100 mV/V; the starting time constant () values were tested 

from 10-4 to 10-2 s, which are consistent with range of this 

parameter in known airborne TDEM systems.  Kamenetsky et 

al. (2014) showed that the frequency parameter C recovered 

from inversion of real TDEM data may reach 1. Based on this, 

the starting frequency parameter C was tested ranging from 

0.3 to 0.7 values. These starting parameters yield 81 unique 

combinations. All of these combinations were used to generate 

starting model files. Two sets of constraints were used on  

and C, first all 81 combinations were inverted using “soft” 

constraints (allowing  and C to vary rather freely spatially in 

the model space), then the same starting parameter 

combinations were inverted using “hard” constraints (locking 

the spatial variance in  and C to 1%). Therefore, a total of 

162 realizations were carried out. The inversion results were 

then assessed by misfit values. Global misfit values, 

normalized by standard deviations produced misfits ranging 

from 0.82 to 313.20 (depending on the starting parameters and 

type of constraints). Figure 2 shows on of the inversion results 

that produce good data fit. No a-priori and “soft” constraints 

on  and C were used. The model recovered is generally in fair 

agreement with the true model.  However, in this case, the C 

parameter for the overburden is not recovered. In order to 

recover the shallow C value, very loose vertical constraints 

were needed (not shown). We also assessed the relevance and 

effects of duly pre-processing the data and of a-priori 

information (e.g., from boreholes).  

 
Figure 2. Inversion of synthetic kimberlite VTEM data 

with starting Cole-Cole parameters:  = 1000; m0 = 50,  = 

10-3; C = 0.3 and “soft” constraints on  and C. 

 

Simple deep model results: a synthetic model is introduced 

with a series of conductive and chargeable targets, placed at 

increasing depth along the profile (Figure 3).  

 

 
Figure 3. Left: synthetic “simple deep” true model ( and C 

parameters fixed to 10-3 and 0.5 respectively); top 150 

meters are shown. Right: simulated noise-free transients. 

 

The inversion results (Figure 4) show that, in presence of 

favourable conditions (i.e., combinations of physical 

properties of the different strata) it is possible to recover 

information about chargeable targets in excess of 100 m depth 

straight from airborne data using the inversion in IP mode for 

the data simulated for the VTEM waveform. Other tests, 

which go beyond the scope of this abstract prove that, on the 

other hand, in some cases deep conductors can be masked by 

shallow chargeable layers.  



 

 

 

 
Figure 4. Inversion of synthetic VTEM data for “simple 

deep” model in IP mode with the following starting model 

parameters:  = 1000; m0 = 10,  = 10-3; C = 0.5 and 

“hard” constraints on  and C. 

 

Amakinskaya Kimberlite pipe results: From the geological 

standpoint, the area surrounding Amakinskaya kimberlite pipe 

belongs to a sedimentary basin with widespread outcrops of 

clays and alevrolites of Jurassic age (J1or), which 

unconformably overlay Cambrean limestone complex (Є3hl).  

Triassic basalts (T1kt) are also widespread in the area, 

especially to the north from the pipe. Amakinskaya 

Kimberlite pipe shows a great deal of anisotropy in the 

vertical direction, shifting from weathered, clayish upper 

facies, affected by permafrost to consolidated hard kimberlite 

below 30 m depth. This obviously has reflection in the 

physical properties of the kimberlite. Resistivity and 

chargeability changes with depth, showing lowering resistivity 

and increasing chargeability values in the upper facies of the 

kimberlite, while magnetic susceptibility increases with depth, 

as kimberlite consolidates (Bondarenko and Zinchuk, 2004). 

The airborne survey was flown in late 2014 using a VTEM 

system and the data were seriously affected by the IP effect 

(Figure 5b).  It should be noted however, that IP effect over 

the kimberlite, although evident in the transients, does not 

result in negative voltage measurements and therefore may not 

be instantly obvious in the data space at a first glance. 

 
Figure 5. Location of Amakinskaya kimberlite pipe (north-

eastern Russia); (a): VTEM flight lines shown over 

Landsat image. (b): IP effect measured over the kimberlite, 

shown in VTEM individual transients.  

 

In addition to strong IP effect, which made conventional 

inversion challenging, there was a strong electrified industrial 

infrastructure situated just 200 meters east of the Amakinskaya 

pipe, which seriously affected both EM and magnetic data. 

This cultural noise had to be removed from all data sets in 

order to proceed further with inverting the data. In general, 

the IP effect may be indicative of the clay alteration, which, in 

turn, may be present in upper (weathered) facies of a 

kimberlite. Interpretation of IP effect over kimberlites for 

ground TDEM surveys has been previously described in the 

literature (Kamenetsky et al., 2014) and becomes increasingly 

attractive in case with airborne TDEM data sets, as it allows 

extraction of chargeability, along with other parameters, such 

as time constant () and frequency parameter (C). 

 

As a result of SCI inversion approach with IP modelling, all 

four Cole-Cole parameters were extracted.  The target misfits 

of the inversions were achieved, producing distributions of 

Cole-Cole parameters, which were further interpolated to 

populate 3D volumes.  The distributions of electrical 

resistivity and chargeability with depth are shown in Figure 6. 

Overall, the results of the inversions allow to clearly 

differentiate between the kimberlite and the host rock.  The 

results are shown in Figure 7 as a compilation of all inversion 

results (including Mag), interpolated along VTEM flight line 

9310 and shown as a depth section of electrical resistivity, 

chargeability and magnetic susceptibility. 

 

 

 
Figure 6. 3D distribution of electrical resistivity and 

chargeability recovered by SCI inversion with IP 

modelling over Amakinskaya kimberlite pipe, shown as 

series of depth slices.  
 

The physical properties recovered through inversion of the 

VTEM data were compared to those derived from laboratory 

measurements on kimberlite samples (Figure 8). There is good 

agreement on the resistivity of the different facies, from the 

weathered kimberlite top to the deeper kimberlite breccia and 

carboniferous kimberlite. The clean limestones in the 

laboratory data display higher resistivities than those 

recovered by VTEM, due to the effect of saline water known 

to be present in the limestones, forming a confined aquifer in 

the area.  



 

 

 

 

 
Figure 7. Compilation of inversion results over VTEM 

flight line 9310.  

 

Susceptibility is also in good agreement, even though is 

displays less vertical variability. No direct measurements on 

chargeability are available on the Amakinskaya pipe. 

However, Kamenetsky et al. (2014) report recovered Cole 

Cole models from ground TDEM soundings affected from IP 

from the nearby Baitakhskaya pipe. They report values 

(m0=210 mV/V, =800 s, c=1) close to those we obtained 

from the VTEM data.   

 

 
 

 Figure 8. 1D model of different physical properties above 

Amakinskaya pipe. 

 

 

 

CONCLUSIONS 

 

A number of synthetic models are shown in current study, 

including those taken from real life scenarios (sulphides and 

kimberlite), as well as those models describing hypothetical 

but probable situations (“deep models”). 

 

It becomes evident from synthetic modelling that the 

multiparametric inversion of AEM in IP mode may be 

effective in cases, when no other approach can yield accurate 

results and in some cases drastically improve the results of 

inversions in real life. Such cases are: improved resistivity 

cross-sections, detection of chargeable targets based on only 

airborne TDEM data, detection of deep-seated chargeable 

targets (to the depth of approximately 150 m), under certain 

conditions, imaging targets at depth. Improved interpretation 

(e.g., differentiating between regolith and bedrock chargeable 

anomalies). It should also be stressed that, under certain 

conditions, shallow chargeable layers can effectively mask 

deep conductors that would have been otherwise resolvable by 

the given AEM system. 

 

The real case study shows that applying the Cole-Cole model 

in the inversions of TDEM data enables mapping the 3D 

distribution of physical parameters in the subsurface, which 

bring new value to mineral exploration. . It should be noted, 

that the greatest visibility of the pipe is evident in recovered 

chargeability, which was made possible by virtue of the SCI 

inversion with Cole-Cole modelling. 
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