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ABSTRACT 1 

This paper presents the results of airborne electromagnetic induced polarization 2 

inversions using the Maximum Phase Angle (MPA) model for a helicopter time domain 3 

survey in the Quadrilátero Ferrífero area, Minas Gerais State (MG), Brazil. The inversions 4 

were conducted using a laterally constrained robust scheme, in order to decrease the 5 

difficulties to recover the multi-parametric model in a very ill-posed inverse problem, 6 

often found in induced polarization studies. A set of six flight lines over the Lamego gold 7 

mine mineralized structure were inverted using the MPA re-parameterization of the Cole-8 

Cole model and also the classical resistivity-only parameterization, in order to understand 9 

the implications of the induced polarization effect in the data and, consequently, in the 10 

resistivity model. A synthetic study was also conducted, seeking to understand what to 11 

expect from the resistivity-only inversions in the real data. According to borehole 12 

lithological data and previous structural knowledge from the literature, the results from 13 

the Maximum Phase Angle approach indicate an important chargeable body that seems 14 

to be in good agreement with a sulfide enriched carbonaceous/graphite and altered mafic 15 

unities, which are important markers for the gold mineralization.  16 

 17 

Key Words: Airborne electromagnetics, Induced polarization 18 
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INTRODUCTION 19 

During the last decade, the interest to model airborne electromagnetic induced 20 

polarization (AEMIP) phenomena has significantly increased (Kang and Oldenburg 21 

2016; Kratzer and Macnae 2012; Macnae 2015; Marchant et al., 2014; Viezzoli et al., 22 

2013). Due to the improvements of the helicopter transient electromagnetic (HTEM) 23 

systems in power and resolution, like the newest SkyTEM312HP (Gisselø and Nyboe 24 

2018) and VTEMTM super max (http://geotech.ca/) systems, these studies were mainly 25 

motivated by applications in mineral exploration, groundwater and environmental studies 26 

(Kaminski and Viezzoli 2017; Kang et al., 2017; Viezzoli et al., 2017; Viezzoli et al., 27 

2016). In particular, for mineral exploration, it has potential to survey and characterize 28 

economic mineralizations related to disseminated sulfide zones, especially within 29 

deposits associated with hydrothermal and igneous processes. The use of AEMIP can 30 

help to decrease ambiguities between mineralizations and their host rocks, to understand 31 

the structural control and their association with chemical traps, like reactive carbonaceous 32 

units in highly hydrothermal altered terrains. In addition, AEMIP may be useful in some 33 

circumstances to map large areas with chargeability information in a very short time 34 

compared to ground-based induced polarization (IP) surveys. Covering large areas with 35 

ground-based IP methods usually present difficulties in accessibility, logistics and costs. 36 

 37 

Although the newest powerful HTEM systems are superior in observing the AEMIP 38 

phenomenon, there are many existing airborne electromagnetic (AEM) surveys carried 39 

out with less powerful systems, which also contain IP effects. These data should be 40 

investigated for IP information, in order to provide preliminary information for new IP 41 

studies to be carried out in the same area and/or improve the resistivity and chargeability 42 

http://geotech.ca/
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models. With this philosophy in mind, we present an AEMIP modeling study in the 43 

Lamego gold mine (AngloGold Ashanti property), in the Greenstone Belt Rio das Velhas, 44 

Quadrilátero Ferrífero (QF) area, Minas Gerais State (MG), Brazil, using data acquired 45 

with an AeroTEMHD system. The survey was flown with N45W orientation, 250 m flight-46 

line spacing and with total 3560 line-km. This HTEM system has a triangular pulse 47 

current waveform, with a peak moment of 711000 NIA and 17 off-time channels for the 48 

vertical component. 49 

 50 

Due to the high resistive terrain of the greenstone belt, a very urbanized environment 51 

associated with mines and cities in the surroundings and a system with a low magnetic 52 

moment, the AEM data display several couplings to man-made structures and low signal-53 

to-noise ratios in many parts of the survey. For these reasons it was challenging to find 54 

clear AEMIP anomalies. Nevertheless, some sign reversals (negative late time gates) and 55 

rapidly decaying dB/dt signals were recorded over the mineralized structure in Lamego 56 

mine area. Carbonaceous and graphite schists, associated with gold mineralization within 57 

disseminated metallic sulfides, occur in the mine area, which might be responsible for the 58 

IP effects in the AEM data. Indeed, the frequency-domain IP measurements conducted in 59 

the laboratory by  Smith et al., (1983) on similar lithologies (from a greenstone belt 60 

environment in Saudi Arabia) show significant IP effects over the whole measurement 61 

range from 0.06 to 1024 Hz. 62 

The AEMIP modelling was conducted on six flight lines over Lamego structure using the 63 

1D laterally constrained robust inversion scheme proposed by  Fiandaca et al., (2018a) 64 

and Lin et al., (2019), using the Maximum Phase Angle (MPA) re-parameterization of 65 

the Cole-Cole model (Fiandaca et al., 2018b)  in order to reduce the correlation of the 66 
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inversion parameters. In addition, the electrical resistivity models obtained through this 67 

approach were compared with the ordinary resistivity-only (RO) inversion, in order to 68 

understand the differences in the models, with and without IP modeling. All the results 69 

were integrated with borehole lithological data. The final result is an integration of all 70 

inverted sections in a 3D visualization of the polarizable body. 71 

 72 

AREA OF STUDY 73 

Lamego is one the most important gold mines in the Quadrilátero Ferrífero (QF) area, 74 

MG, Brazil, which is property of AngloGold Ashanti. It is characterized by an Archean 75 

orogenic gold deposit, within the rocks of the Rio das Velhas greenstone belt, in the North 76 

portion of the QF area. Structurally, the mine is characterized by a reclined, isoclinal and 77 

cylindrical fold (Martins et al., 2016)– Figure 1. Lithologically, it is characterized by a 78 

metamorphosed volcano-sedimentary sequence composed by mafic units, banded iron 79 

formation (BIF)/chert units and carbonaceous/micaceous schists.  80 

 81 

According to Martins et al., (2016) and based on borehole data, the gold mineralization 82 

is associated with disseminated sulfides (mainly pyrite, arsenopyrite, chalcopyrite and 83 

sphalerite) that are classified in three groups: i) The quartz-carbonate/sulfides veins 84 

crosscut all lithologies, but with a better development within the BIF layers, with locally 85 

stockwork structure; ii) The Fe-carbonate replacement for sulfides within the BIF layers, 86 

which confines the sulfides in this lithology; and iii) Dissemination within the mafic units 87 

and carbonaceous metapelites/schists. The gold grade for each of these mineralization 88 

groups vary between 1.6-15.8 ppm, 0.03-6.63 ppm and 0.03-3.8 ppm, respectively. 89 
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 90 

Laboratory petrophysical data from lithological borehole samples were used as guidance 91 

to define the initial values for the input parameters in the inversion process. These data 92 

indicated a very resistive environment (> 1000 Ω∙m for the mafic unities, reaching values 93 

greater than 5000 Ω∙m in the micaceous metapelite zones) associated with the micaceous 94 

metapelite and mafic-ultramafic unities, but with conductive and chargeable zones that 95 

could be associated with the carbonaceous/graphite metapelites/schists and disseminated 96 

sulfides within both carbonaceous and mafic layers, which are an important guide to map 97 

the gold mineralization. It is expected that the IP effect might be generated mainly from 98 

these carbonaceous/graphite units, according to petrophysical data from Anglo Gold 99 

Ashanti, which presents average values for resistivity and chargeability for the 100 

lithological units in Lamego area. In fact, we observed very steep decays often associated 101 

with negative transients over Lamego structure. Furthermore, in this work, the IP 102 

methodology is used in order to try to define these carbonaceous units, that could be 103 

associated as a structural guidance for the gold mineralization. 104 
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 105 

Fig.  1: Area of study location. (a) Quadrilátero Ferrífero (QF) location in Brazil and 106 

Lamego gold mine. (b) Detailed geological map of Lamego gold mine structure with 107 

flight line positions (grey lines, with their number indicated) – the borehole lithological 108 

data are indicated by the red points and the LCI sections used in this work are indicated 109 

by the blue lines along the flight lines, the orange lines indicate intervals with low signal 110 

amplitude and couplings, which are disabled  in the inversion analysis. Types (1), (2) and 111 

(3) position indicate the types of soundings presented in the Fig. 2. The dashed lines 112 

indicate the spatial limits of all flight lines presented in this Fig. 2. (c) Satellite image 113 

over Lamego Mine area, with the indication of the flight lines and the mine infracture 114 

buildings which caused the coupling in the orange lines intervals. 115 
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HTEM Survey and System Description 116 

The HTEM system used in the survey in QF region was the Aeroquest AeroTEMHD, with 117 

30 Hz base frequency triangular pulse waveform. The survey flight lines were oriented to 118 

NW-SE (azimuth 135) and the spacing between the lines was 250 m. The nominal terrain 119 

clearance was 30 m for the EM transmitter/receiver system, it covered 3560 line-km and 120 

had a nominal flight speed of 75 km/h with a data reading every 1.5 - 2.5 m (10 samples/s) 121 

along the flight line.  122 

 123 

Although the AeroTEMHD system is able to conduct measurements with X (flight line 124 

direction) and Z (vertical direction) components receiver coils, only the Z component was 125 

used in this work, due the high noise level of the X component. The EM system 126 

characteristics are summarized in Table 1, which is based on the information of the survey 127 

report and from the data files provided by the contractor. 128 

Table 1: AeroTEMHD system description summary for QF area (based on survey report 129 

and data files provided by Aeroquest). 130 

 Parameter Value 

Transmitter 

Loop diameter 20 m 

Peak current 323 A 

Peak moment 711,000 NIA 

Repetition frequency 30 Hz 

Turn-on time - 4,476 µs 

Peak current time - 2,133 µs 

Turn-off time (when 0 current is reached) * 0 

Waveform Triangular 

Receiver 

Sample rate* 10 Hz 

Number of gates (only off-time used) 17 

Time gates interval (off-times) ** 8.75 µs to 9,532 µs 

* After on-survey processing. 131 
** Time values related with the opening of the gates and referenced to the turn-off time. 132 
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METHODOLOGY 133 

Cole-Cole Maximum Phase Angle model 134 

In this work, the methodology used for the forward calculations of the AEMIP effect is 135 

based on the MPA re-parameterization of the Cole-Cole Model, introduced by  and 136 

implemented in AarhusInv. The MPA is a re-parameterization of the frequency dependent 137 

complex resistivity for the Cole-Cole model (CC), as defined by (Pelton et al., 1978): 138 

 
�̃�(𝜔) = 𝜌0 [1 − 𝑚0 (1 −

1

1 + (𝑖𝜔𝜏𝜌)
𝐶)] (1) 

where 𝜌0 = �̃�(𝜔 = 0) is the direct current resistivity, 𝑚0 is the intrinsic chargeability as 139 

described in (Seigel 1959), 𝜏𝜌 is the relaxation time, 𝐶 is the frequency dependency 140 

parameter, 𝜔 = 2𝜋𝑓 is the angular frequency for the frequency f, and 𝑖 = √−1 is the 141 

imaginary unit. 142 

 143 

As demonstrated by Fiandaca et al., (2018b) and  Lin et al., (2019), the MPA re-144 

parameterization reduces the correlations between the model parameters and provides 145 

models with better resolution in comparison with the classical CC model, especially for 146 

low 𝐶 values. The MPA uses the following model parameters: 147 

 𝒎𝑀𝑃𝐴 = {𝜌0, 𝜙𝑚𝑎𝑥, 𝜏𝜙, 𝐶} (2) 

where 𝜌0 and 𝐶 are the same parameters of the CC model in equation (1), 𝜙𝑚𝑎𝑥 is the 148 

maximum phase angle of the CC complex conductivity (i.e. the minimum of the complex 149 

resistivity phase) and 𝜏𝜙 is the relaxation time associated with the frequency (𝑓 =150 

1 2𝜋𝜏𝜙⁄ ) where 𝜙𝑚𝑎𝑥is reached. The relation between 𝜏𝜌and 𝜏𝜙 is given by (Fiandaca et 151 

al., 2018b): 152 

 𝜏𝜙 = 𝜏𝜌(1 − 𝑚0)1 2𝐶⁄  (3) 
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The use of the maximum phase of the complex conductivity in the inversion model, 153 

instead of the 𝑚0 parameter of the classic Cole-Cole model, simplify the comparison with 154 

ancillary IP data, which are often phase spectra measured in the frequency domain in the 155 

laboratory on rock samples. 156 

 157 

1D Laterally Constrained Robust Inversion Scheme for Induced Polarization Data 158 

In this work, all AEMIP inversions were conducted using the 1D laterally constrained 159 

inversion (LCI) robust scheme proposed by Lin et al., (2019). This approach helps 160 

addressing the significant ill-posedness of a multi-parametric AEMIP inversion and 161 

recovers the MPA parameters in equation (2) properly. The LCI scheme minimizes an 162 

objective function with 2D lateral constraints on the model parameter space, given by: 163 

 𝑄 = (
𝛿𝒅𝑇𝑪𝑜𝑏𝑠

−1 𝛿𝒅 + 𝛿𝒓𝑇𝑪𝑅
−1𝛿𝒓

𝑁𝑑 + 𝑁𝑅
) (4) 

where 𝛿𝒅 = 𝒅 − 𝒅𝑜𝑏𝑠 is the difference between the forward response  𝒅 and the onserved 164 

data 𝒅𝑜𝑏𝑠; 𝛿𝒓 = −𝑹𝒎 is the roughness of the model vector parameter 𝒎, and 𝑹 is the 165 

roughness matrix; 𝑪𝑜𝑏𝑠 and  𝑪𝑅 are the covariance matrices related to the data and 166 

constraints, respectively; and 𝑁𝑑 and 𝑁𝑅 are the numbers of data points and roughness 167 

constraints, respectively. 168 

Using the LCI technique, the key points of the robust inversion scheme is summarized by 169 

the following steps (for a detailed description of this technique, we address the work of 170 

Lin et al., 2019): 171 

1. Model re-parameterization using the Cole-Cole MPA approach; 172 
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2. Definition of a robust initial resistivity model through inversions of positive-only 173 

data using very tight spatial constraints. The initial models for the other 174 

parameters were defined manually. In this work, the initial values for 𝜙𝑚𝑎𝑥 was 175 

300 mrad, similar to the phase range based on the analogous lithologies presented 176 

in Smith et al., (1983), and 𝜏𝜙 and 𝐶 started from 0.001 s and 0.5, respectively. 177 

3. Locking of 𝜏𝜙 and 𝐶 for the first few (here five) iterations, to build structure in 178 

the resistivity and chargeability domains first.  179 

4. Increasing the data standard deviation around the sign change in the dB/dt decay 180 

curve.  181 

5. Modification of the damping scheme allowing for individual damping of the 182 

different parameters, which improves the balance of the multi-parameter model 183 

space. 184 

 185 

DATA PROCESSING AND ANOMALY SELECTION 186 

The preliminary data processing includes the standard automatic processing of voltage 187 

and altitude data, followed by manual processing, as described in (Auken et al., 2009). 188 

The automatic data processing was done in Aarhus Workbench 189 

(www.aarhusgeosoftware.dk) seeking the best preservation (compared to raw data) of the 190 

negative transients in the late times for AeroTEMHD system by having limited lateral 191 

averaging and no slope filtering. The slope filtering was disabled to keep fast decaying 192 

signals arising from the IP effects. A manual processing step followed the automatic step 193 

as the signal-to-noise ratio was very low and many subtle details were close to the noise 194 

level. This manual processing was conducted similarly to the workflow described in 195 

Kaminski & Viezzoli (2017), in which we conducted a visual inspection of the data 196 

http://www.aarhusgeosoftware.dk/
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throughout the flight lines, in order to identify the very steep dB/dt decays and negative 197 

transients associated with the IP effect that may occur over the carbonaceous units, 198 

removing the data bellow the noise level.  199 

Due the poor signal-to-noise ratio at the Lamego mine area, and some flight-line intervals 200 

were affected by couplings due to the proximity to the mine infrastructure (indicated in 201 

Figure 1-c). The flight lines that were not used due the poor signal-to-noise ratios and the 202 

intervals that present significant couplings are represented as grey and orange line 203 

intervals in Figures 1-b and 1-c. The poor signal-to-noise ratio in the grey marked might 204 

be explained by a highly resistive micaceous metapelite associated with a mafic-205 

ultramafic environment, indicated by the dark and light brown in Figure 1-b, and also due 206 

to couplings caused by the highly urbanized surroundings. Despite the generally low 207 

signal-to-noise ratio of the dataset, it is still possible to distinguish a clear electromagnetic 208 

(EM) anomaly over the Lamego structure, indicating lithological changes in association 209 

with the carbonaceous metapelites, BIFs and sulfide layers, as indicated in Figures 2-a 210 

and 2-b. Figure 2-c presents the three types of decay curves (raw data) that occur in the 211 

area: (1) the ones that could be associated with a typical IP response, (2) not very 212 

significant or less evident IP effect, and (3) the noisy data outside the Lamego structure. 213 

Type 3 soundings are in the grey flight line intervals refers to resistive lithological units 214 

and/or coupled data, which were not used in this work. 215 

In Figure 2-b it is also noted that even inside the Lamego structure (Figure 1-b), it is 216 

possible to distinguish a contrast in the EM anomaly along the axial plane direction of the 217 

fold structure. The characteristic anomaly starts to appear close to the hinge zone in the 218 

NW portion of the structure (flight lines L20790, L20800 and L20810, blue and green 219 

lines in Figure 2-b), the amplitude decreases in the central part (flight lines L20820, 220 

L20830, orange and red lines in Figure 2-b) and increases again in the limb junction in 221 
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the NE portion of the structure. A very small signal level is observed over the Lamego 222 

structure in flight lines L20820, L20830 and L20840 (orange lines intervals in Figures 1-223 

b and 1-c) and these data are not used. In summary, six flight-line intervals with either 224 

distinguishable negative transients and/or over-steep slopes of the transient decays were 225 

selected for the MPA and RO inversions analysis and geological interpretation (blue lines 226 

in Figures 1-b and 1-c), which is presented in the next section. 227 

Finally, Figure 3-a presents the detailed interval indicated by the vertical dashed lines in 228 

Figure 2-a, with a presentation of the typical dB/dt decay affected by IP effects, for both 229 

processed (Figure 3-b) and raw data (Figure 3c). When IP effects are present and trigger 230 

negative data the absolute signal level will be higher and often above the noise floor where 231 

data without sign changes are below the noise level at late times. Though, the noise level 232 

is often very hard to detect in the data sections as the data has been pre-processed by the 233 

contractor with a lateral smoothing filter to produce the “raw” data presented in Figure 3-234 

a, bottom. Any decays that are only positive, but increase at late times have been culled. 235 
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 236 

Fig.  2: (a) Comparison between raw and processed data for the anomaly over the Lamego 237 

structure with indication of anomaly types (1) with IP effect, (2) with not so evident or 238 

not presented IP effect and (3) within the very low signal-to-noise ratio area and possibly 239 

coupled (not used). The sounding positions along the flight line are also indicated in 240 
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Figure 1-b – the processed data are shifted from the raw data by a factor of ×105 for clarity 241 

and the vertical black dashed lines indicate the interval presented in Figure 3. (b) 242 

Comparison between transient anomalies over the Lamego structure along the axial plane 243 

direction (NE-SW) showing the decrease in amplitude of the fifth time-channel window 244 

at 2.125×10-4 s (vertical component in the off-times) in the central part of the structure 245 

(L20820 and L20830). (c) Types (1), (2) and (3) dB/dt decays for raw data, as indicated 246 

in Figure 1-b and Figure 2-a. 247 
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RESULTS 250 

MPA and RO Synthetic Modelling for a Polarizable Subsurface 251 

Based on borehole lithological description and borehole petrophysical data (mean values 252 

for the lithological units) we generated synthetic MPA models and the corresponding 253 

transient electromagnetic (TEM) data for the AeroTEMHD system. The synthetic data 254 

were inverted using the resistivity-only (RO) and MPA parameterizations, for a 3-layer 255 

model representing the typical lithological environment in the study area. The reference 256 

model used for the synthetic data is summarized in Table 2. It consists of a resistive and 257 

non-polarizable upper layer, a conductive and polarizable intermediate layer, and the third 258 

resistive non-polarizable layer. The layers lithological relevance is stated in the table as 259 

well. 260 

 261 

Table 2: 3-layer model physical parameters for synthetic modelling. The thicknesses and 262 

resistivity values were based on borehole lithological and petrophysical average values 263 

data from AngloGold Ashanti and the IP parameters were based in the preliminary 264 

inversions of the AeroTEMHD and reference values from Smith et al. (1983). 265 

Layer 
𝝆𝟎 

(Ω∙m) 

𝝓𝒎𝒂𝒙 

(mrad|) 

𝝉𝝓 

(ms) 
𝑪 

Thickness 

(m) 
Lythological Interpretation 

1 1000 10 0.1 0.5 70 

Metamafic rocks and/or sericitization 

alteration zones over mafic or felsic 

rocks (micaceous pelite) 

2 300 10 to 500 10 0.5 300 

Carbonaceous/graphite schists and/or 

carbonatic metapelite with graphite 

(Carbonate-quartz-sericite schists 

with carbonaceous material), which 

could present disseminated sulfides 

3 1800 10 0.1 0.5 - Metamafic volcanic rocks 

 266 
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Using the AarhusInv code (Auken et al., 2015) and with the configuration for the 267 

AeroTEMHD system described in Table 1, also using the parameters presented in Table 2, 268 

we simulated four scenarios considering the increment in the 𝜙𝑚𝑎𝑥 value of the second 269 

layer from 10 to 500 mrad, i.e., gradually making the intermediate conductive layer more 270 

polarizable and analyzing how well the RO and MPA inversions recover the true model 271 

by 1D smooth inversions. The parameters values for each parameter presented in Table 2 272 

were decided based on the values achieved in the preliminary inversion results for the 273 

AeroTEMHD data,  based on the laboratory petrophysical frequency-domain IP 274 

measurements presented in Smith et al., (1983) for similar lithologies in a greenstone belt 275 

environment in Saudi Arabia and also data from borehole information for the resistivities 276 

values. In particular, in Smith et al., (1983) phase values between 100 and 350 mrad were 277 

measured in the frequency interval between 100 and 1000 Hz. A standard deviation of 278 

5% was assigned to each gate of the forward response, but no perturbation was 279 

introduced, to focus only in the understanding of the differences responses between RO 280 

and MPA models, not considering any other effect in the synthetic data, like noise level 281 

and couplings. The 1D inversions were carried out using a 30-layer smooth model, using 282 

the L2 norm for the vertical constraints for both MPA and RO inversions. All RO 283 

inversions were conducted removing the negative gates and the last gate before the first 284 

negative gate. The MPA inversions were conducted considering all the 17 gates in the 285 

off-times for the AeroTEMHD system. 286 

 287 

Figure 4 presents the comparison between the inverted resistivity models for RO and the 288 

MPA parameterizations for the model described in Table 2. It is noticed that all the RO 289 

and MPA inverted models, in all scenarios, fit the data very well and recover a middle 290 

conductive layer. However, even though all inverted models fit the data well, there are 291 



19 

 

19 

 

significant discrepancies between the results of the two inversion approaches. All MPA 292 

results recovered the resistivity model with better agreement with the true model, while 293 

the RO inversions generally fail to accurately reproduce the true models. 294 

 295 

In the first scenario (𝜙𝑚𝑎𝑥 =  10 mrad, Figure 4-a), the resistivity model is recovered for 296 

both MPA and RO smooth models decently. As 𝜙𝑚𝑎𝑥 increases, the conductive layer 297 

becomes more conductive and thinner in comparison to the true model and the top 298 

boundary of this layer appears deeper (values until 200 mrad, Figures 4-a, 4-b and 4-c) or 299 

shallower (for 500 mrad, Figure 4-d); the bottom of the layer remains always shallower 300 

than the true model. For all inverted models, the depth of investigation (DOI) was 301 

estimated following  Fiandaca et al., (2015). The DOI values for RO inversion models 302 

suggest that there is very limited sensitivity to distinguish the bottom of the conductive 303 

layer. On the other hand, the MPA resistivity models have a good agreement with the true 304 

model, underlining that this parameterization approach recovers a more reliable resistivity 305 

model. Also, the other MPA parameters are well recovered in the inversions (results not 306 

shown in figures for brevity). 307 

 308 
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 309 

Fig.  4: MPA and RO inversion of synthetic 1D TEM data with IP. (a) 𝜙𝑚𝑎𝑥 =  10 𝑚𝑟𝑎𝑑, 310 

(b) 𝜙𝑚𝑎𝑥 =  50 𝑚𝑟𝑎𝑑, (c) 𝜙𝑚𝑎𝑥 =  200 𝑚𝑟𝑎𝑑 and (d) 𝜙𝑚𝑎𝑥 =  500 𝑚𝑟𝑎𝑑. DOIs are 311 

represented by the horizontal continuous lines, according to the models colors. 312 

 313 

In the results presented in Figure 4, the increment in 𝜙𝑚𝑎𝑥 values also causes changes in 314 

the amplitude and slope of the transient decay curves before the negative part. In general, 315 

the amplitude of the dB/dt curve is increased and the slope is flatter in the early times and 316 

steeper in the time values closer to the sign change. This decay curve behavior also 317 

explains the distortion in the resistivity model for the RO parameterization. Due to the 318 

RO limitations to fit the steep slope of the decay close to the sign change (which is not 319 
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the case for MPA), the resulting model is made more extreme with a shallower top 320 

boundary for the bottom resistor layer and a more conductive and shallower intermediary 321 

conductor.  322 

The next section presents the results for the AeroTEMHD real data over the Lamego 323 

structure, which presents similar decay behavior and results as seen in the synthetic tests. 324 

 325 

Inversion Results of the field data 326 

The 1D laterally constrained inversions (LCI) using RO and MPA models were conducted 327 

for all the blue flight-line intervals shown in Figures 1-b and 1-c. Figure 5 and 6 show 328 

RO and robust MPA inversion results of a representative section for flight line L20810. 329 

For all robust MPA inversions, the starting values for the IP parameters were 𝜙𝑚𝑎𝑥 =330 

300 𝑚𝑟𝑎𝑑, 𝜏𝜙 = 1 𝑚𝑠 and 𝐶 = 0.5.  331 

 332 

In Figure 5-a, for the North-West portion of the section, the RO inversion shows in 333 

general a three-layer model above DOI that consists of a shallow resistive (>200 Ω∙m) 334 

layer, a conductive intermediate layer (< 30 Ω∙m), and a deep resistor (>150 Ω∙m). The 335 

South-East portion of the section show only a two-layer model with a thick and very 336 

resistive (> 1000 Ω∙m) layer down to ~400 m underlain by the intermediate conductive 337 

layer, which can be seen throughout the section. 338 

 339 

The resistivity model of the MPA inversion (Figure 6-a) presents a similar resistivity 340 

model, but overall with higher resistivity values and with the absence of the deep resistor 341 
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bellow the conductive layer in the Northwestern portion of the profile. Furthermore, the 342 

vertical boundaries in top ~100 m of the MPA model agree better with the depth intervals 343 

for the micaceous schist in the borehole lithological data (BH1, BH2 and BH3, also 344 

indicated in Figures 1-b and 1-c), when compared to the RO inversion result. This is 345 

especially evident in the NW portion of the profile, which becomes shallower and more 346 

conductive in the RO inversion. The differences between the resistivity sections in 347 

Figures 5-a and 6-a indicate that the IP effect cause an important influence in the dataset, 348 

and, consequently, in the way the RO inversions respond to it.  349 

Concerning about the possibility to avoid the IP effect in RO inversions, it might be 350 

argued that if more late gates are removed in data processing, seeking to avoid the very 351 

steep decays of the dB/dt curves, the IP effect might be removed from the data and, 352 

consequently, a more reliable resistivity model might be retrieved by the RO inversion 353 

(at least for the shallower layers). However, this is not the case, as shown in Figures 7, in 354 

which two RO inversions are compared: the one with all positive-only data  (Figure 7-a, 355 

as in Figure 5-a), and the inversion obtained only with the first nine gates (Figure 7-b). 356 

The two RO resistivity models are similar both in terms of resistivity ranges and patterns, 357 

and they both differ from MPA resistivity model (Figure 7-c, as in Figure 6-b). These 358 

results indicate that the IP effect is present in the early/intermediate times, which hinders 359 

its removal from the data by culling out the late times. 360 

Another concern regarding the comparison of RO and MPA resistivity sections presented 361 

so far is that the 𝜌0 MPA section represents the DC resistivity, but a significant change in 362 

resistivity occurs over frequencies in the Cole-Cole model when high chargeability values 363 

are present. Figure 7-d presents the 𝜌∞ section in comparison with the 𝜌0 section (Figure 364 

7-c). As expected, it can be noted that the background value for 𝜌∞ is smaller than the 365 

one for 𝜌0. However, both models present similar structural behavior for the shallower 366 
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and the deeper depth values, in better agreement with the borehole shallower data (the 367 

micaceous metapelite – X2/X2CL in the resistivity model sections) than the RO 368 

inversions, with no resistive bottom layers coming up as in the RO models, suggesting 369 

again that the IP effect plays an important role in the dataset and should be considered in 370 

order to recover a more reliable resistivity model.  371 

The discrepancies between the MPA and RO inversion models can be further investigated 372 

by focusing on the 1D resistivity model plots for two sounding positions (soundings 19 373 

and 74, position indicated in Figures 5 and 6) on flight line L20810, presented in Figure 374 

8. These soundings show negative values in the late times of the dB/dt curve, similar to 375 

the synthetic tests for 𝜙𝑚𝑎𝑥 greater than 200 mrad (Figures 4-c and 4-d). The sounding 376 

positions along the profile are indicated by the vertical dashed lines in Figures 5 and 6. In 377 

these plots, the inversion results of three-layer models are also shown together with 378 

smooth layer inversions. 379 

LCI inversions for the RO parameterization resulted in resistivity models with thinner 380 

and more conductive intermediate layer, compared to all MPA results. In addition, the 381 

bottom of the conductive layer and the DOI for the RO models are shallower than for all 382 

MPA results, as predicted in the synthetic study. The presence of the negative transients 383 

above the noise level and the change in the slope of the dB/dt curve along the anomaly 384 

over the Lamego structure and the discrepancies of the resistivity models are all strong 385 

indications that a significant IP effect occurs in this region. 386 

 387 

This effect maps into the strong chargeable body imaged by the MPA inversion (Figure 388 

6-b), with 𝜙𝑚𝑎𝑥 values between ~ 300 mrad and ~ 450 mrad, and an apparent dip angle 389 

of ~ 25° towards SE. This polarizable anomaly is in good agreement with the occurrence 390 
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of carbonaceous and carbonite schists enriched by carbonaceous material and/or graphite 391 

(XC and X1 in borehole legend in Figure 5, respectively) and also with the mafic 392 

metapelites that could present sulfides zones (XS in the borehole legend in Figure 5). The 393 

structural information recovered from the chargeable body is also in good agreement with 394 

the structural control of the the Lamego carbonaceous schist, according to Martins et al., 395 

(2016) who indicated abundant carbonaceous schists in the limbs zones. The limb zones 396 

present general dip angle between 20°-30° to SE and the carbonaceous metapelites layers 397 

are associated with S1-2 foliation, which presents dip angles between 28°-42° towards 398 

124°-134° directions. 399 

In this area, there are no public available ground Spectral IP (SIP) measurements to be 400 

compared with these results. For comparison, we briefly discuss Smith et al., (1983) work, 401 

which presents laboratory petrophysical measurements for similar carbonaceous schists 402 

enriched by graphite and sulfide zones in mafic greenstone belt environment in the Wadi 403 

Bidah District, Saudi Arabia.  Their carbonaceous samples presented mean resistivity-404 

values around 300 Ω∙m (range from 17 to 100000 Ω∙m), phase values that could reach 405 

more than 200 mrad in the range of 100-1000 Hz (the operation range of the AeroTEMHD 406 

survey presented in this paper), but with 𝜙𝑚𝑎𝑥 values of the order 400-450 mrad around  407 

2.0 Hz and associated 𝜏𝜙 around 8 ms for the most resistive samples. However, even 408 

though the frequency range for the IP effect in the AeroTEMHD system is different from 409 

the one used in Smith et al. (1983) measurements (Zonge Engineering GDP-12, which 410 

results were presented in the frequency range 0.06 – 1024 Hz), one of the advantages of 411 

using the MPA parameterization is that the inversion looks for the maximum phase value, 412 

which makes the comparison easier. The  𝜙𝑚𝑎𝑥 and  𝜏𝜙 distributions recovered in this 413 

work (Figures 6-b and 6-c, respectively) present maximum values up to 450 mrad in the 414 

inner portions of the polarizable body and  𝜏𝜙 up to 8 ms over the top this polarizable 415 
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body. These values are compatible with the ones presented in Smith et al. (1983) for the 416 

carbonaceous lithologies, including their most resistive samples.  417 

These results suggest that the MPA inversion approach was capable to map the zones of 418 

the top of the carbonaceous schist layer, which play an important role in the structural 419 

control of the gold mineralization in the Lamego mine (Martins et al., 2016). 420 

 421 

Figures 6-c and 6-d present the MPA LCI sections for 𝜏𝜙 and 𝐶, respectively. For the 𝜏𝜙 422 

section, the DOI is mainly close to the surface except at a few sounding positions at which 423 

more (negative) data are present, which implies that the parameter is not well resolved in 424 

the inversion, especially when positive-only data exist. On the other hand, the 𝐶 425 

coefficient is well resolved with values around 0.5, indicating that a Cole-Cole like 426 

spectral behavior is preferred by the inversion (and not a constant spectrum, which would 427 

correspond to 𝐶 values around or below 0.1). 428 

 429 

Figure 9 presents the general view of the spatial distribution of the polarizable body for 430 

all inverted flight-line intervals over the Lamego structure (blue lines in Figure 1), 431 

integrated with the geological map. The 3D volume of 𝜙𝑚𝑎𝑥 was created by inverse 432 

distance interpolation of the 2D MPA models. The high chargeability body is defined by 433 

a 400 mrad threshold. Figure 9 show two 3D views from different orientations: looking 434 

to SW upper view (Figure 9-a),  to SW lateral view (Figure 9-b) and to NE upper view 435 

(Figure 9-c). In the view to NE, the polarizable body becomes thicker nearby the hinge 436 

zone of the structure, suggesting that the carbonaceous schist and graphite enriched layers 437 

is thickened, as discussed in Martins et al., (2016). The view to NW presents a steeper 438 
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dip of the polarizable body mapped in the NE portion, the limbs junction zone, estimated 439 

around 45° - 50° towards SE along the flight line direction (N45W), which is also in good 440 

agreement with the values presented Martins et al., (2016).  441 

 442 

Fig.  5: Resistivity-only LCI for flight line L20810 interval over the Lamego structure.  443 

(a) Resistivity section. (b) Data misfit. In the borehole lithological legend: SOIL is the 444 

soil layer, ND is the non-descripted interval, X2/X2CL is the micaceous metapelite, BIF 445 

represents the banded iron formation layers, XG is the carbonaceous-graphite schists, X1 446 

is the metapelite enriched with carbonaceous material, MAN is the 447 

metabasalt/metandesite, MANX is the MAN interval with chloritization alteration, MD 448 

is the metadiabase layer and XS is the altered felsic metavulcanoclastic layer. The vertical 449 

dashed lines represent the positions of the sounding 19 and 74. 450 



27 

 

27 

 

 451 

Fig.  6: MPA LCI for flight line L20810 interval over the Lamego structure.  (a) 452 

Resistivity section. (b) 𝜙𝑚𝑎𝑥 section. (c) 𝜏𝜑 section. (d) 𝐶 section. (e) Residuals. The 453 

borehole description is associated with the borehole legend presented in Figure 4. The 454 

vertical dashed lines represent the positions of the sounding 19 and 74. 455 
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 456 

Fig.  7: Comparison between the RO and MPA resistivity sections for flight line L20810 457 

with (a) all positive data RO model, (b) the first nine positive gates RO model, (c) 𝜌0 458 

MPA model and (d) 𝜌∞ MPA model. 459 

 460 



29 

 

29 

 

 461 

Fig.  8: dB/dt curves and 1D resistivity model for RO (blue curves) and MPA (red curves) 462 

for (a) Sounding 19 and (b) Sounding 74, which positions along flight line L20810 are 463 

indicated in Figures 4 and 5. DOIs are represented by the horizontal continuous lines, 464 

according to the models colors. 465 
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 466 

Fig.  9: 3D view of the polarizable body through the interpolation of all inverted flight-467 

line intervals (blue lines). (a) Looking to SW upper view. (b) Looking to SW lateral view. 468 

(c) Looking to NE upper view. The white arrow indicates the North. The surface 469 

represents the geological map as presented in Fig. 1 with the digital terrain model relief. 470 
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DISCUSSION 471 

The results from MPA and RO inversions present several differences, indicating that the 472 

presence of the IP phenomenon in this AeroTEMHD survey is significant over the Lamego 473 

mine area. These results are in good agreement with the synthetic study which 474 

demonstrated that the sensitivity to the IP parameters is significant not only for time 475 

values around the sign change and in the negative transients, but also in the positive part 476 

of the decay. Consequently, removing the negative data and carrying out a RO inversion 477 

could not be the best approach when dealing with IP-affected responses. In our example 478 

this would lead to a non-realistic resistivity model and to wrong interpretation of the 479 

conductor associated with the host rocks, like the carbonaceous/graphite. On the other 480 

hand, the MPA models had the capability of fitting negative data and a much better 481 

agreement with the borehole data. The depths of the top of the shallow resistive and non-482 

polarizable layer associated with the micaceous schist and the top of the conductive and 483 

polarizable layer associated with the carbonaceous schist are in better agreement with the 484 

borehole profiles for the MPA model (Figures 6-a and 6-b), than for the RO results 485 

(Figures 5-a). However, the MPA modelling increases significantly the size of the model 486 

space, and it is significantly more sensitive than the RO inversion to the starting model. 487 

In this study, this limitation was addressed using ancillary information, as the laboratory 488 

spectra measured on similar lithologies, for guessing the starting values of the IP 489 

parameters.  490 

In addition, it is worth mentioning that the classical Cole-Cole model inversions using the 491 

same 1D laterally constrained robust inversion scheme were tried, but not presented in 492 

this work. The resistivity and chargeability models of the classic Cole-Cole inversions 493 

still presented better agreement with the geological data than the RO parameterization, 494 
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but the MPA results presented even better agreement and data misfit and are easier to 495 

compare to laboratory spectra.  496 

In other areas of the QF region and also in other surveys conducted with AeroTEMHD or 497 

other low moment systems, it is possible to have zones where the AEMIP phenomenon 498 

is not very clear or only present few negative transients. However, the results presented 499 

in this paper indicate that in areas with expected polarizable anomalies, significant 500 

changes in the slope of the dB/dt curve could indicate the occurrence of IP effects. Finally, 501 

a remark about the 𝜙𝑚𝑎𝑥 range that gives significant IP effects in the data in the synthetic 502 

and field examples presented in this study. The low limit of 𝜙𝑚𝑎𝑥 values that affected the 503 

data significantly, down to a few tens of mrad, depends on the high resistivity of the 504 

background model. In more conductive environments, higher 𝜙𝑚𝑎𝑥 values are needed for 505 

a significant IP affect in the TEM responses. 506 

 507 

CONCLUSIONS 508 

An AeroTEMHD survey was conducted over the Lamego mine area and the data were 509 

inverted with RO and MPA robust inversion scheme using the AarhusInv code. The MPA 510 

inversion approach with the robust scheme agreed better with the borehole data, and gave 511 

more reliable resistivity models than the RO inversion.  In particular, the MPA inversions 512 

were able to provide a more reliable image of the carbonaceous schists/graphite enriched 513 

metapelites layers and/or the sulfide mafic units.   514 

 515 

In addition, the 𝜙𝑚𝑎𝑥 model resulting from MPA inversion, allowed to distinguish the 516 

chargeable units that could be associated with the carbonaceous layers. The structural 517 
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behavior of the polarizable body presents good agreement with the known dip and 518 

direction angles for the Lamego structure, and the 𝜙𝑚𝑎𝑥 values present good agreement 519 

with petrophysical measurements for similar lithologies in a greenstone belt environment. 520 

These results indicate that the MPA robust inversion scheme is reliable inversion 521 

procedure for inverting the IP-affected airborne TEM data in case of mineralizations 522 

associated with metallic sulfides and chargeable unities with carbonaceous content. 523 
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