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ABSTRACT

Recently, the interest in the induced polarization (IP) phenome-
non in airborne time-domain electromagnetic (ATEM) data has
increased considerably. IP may affect the ATEM data significantly
and mask underlying geologic structures. To simulate 2D airborne
IP data, a 2D finite-element forward-modeling algorithm has been
developed with the dispersive conductivity described by the well-
known Cole-Cole model. We verify our algorithm by comparison
with the 1D solution of the AarhusInv code. Two-dimensional for-
ward responses on six synthetic models, mimicking archetypal 2D
conductive and chargeable anomalies, have been generated, and
the results indicate that 2D IP affects the data significantly.
Differences between the 2D IP responses and the 1D IP responses
are evident above the 2D anomalies and at their edges. These

differences are similar to what is found when comparing 2D and
1D forward responses over conductive 2D anomalies without con-
sidering IP. We evaluate an effective robust inversion scheme to
recover the 2D IP parameters using the 1D laterally constrained
inversion (LCI) scheme. The inversion of the synthetic data using
the robust scheme indicates that not only can the IP parameters
be recovered, but also the IP inversions can provide more accurate
resistivity sections than a resistivity-only inversion, in terms of
resistivity values and anomaly thickness/depth. The field example
from Hope Bay area in Canada is even more valuable, considering
that part of the profile consists of only negative data, which cannot
be inverted with a resistivity-only scheme. Furthermore, the edge
effects at the anomaly boundaries are less pronounced in the IP
parameters than in the resistivity parameter on the synthetic mod-
els with more conductive backgrounds.

INTRODUCTION

The induced polarization (IP) phenomenon in airborne electromag-
netic (AEM) data presents a problem to exploration in many parts of
the world. It is a well-known phenomenon and since Smith and Klein
(1996) first demonstrate the presence of IP effects, which have been
further discussed by several authors (e.g., Marchant et al., 2014; Mac-
nae, 2016; Kaminski and Viezzoli, 2017). The advances in electronic
and data processing especially for airborne time-domain electromag-
netic (ATEM) systems have led to a much larger decay time recording
and better signal-to-noise ratios, which in turn have revealed that IP is
a severe problem and cannot be neglected during modeling.

Kozhevnikov and Antonov (2008, 2010) discuss numerical ex-
periments exploring the potentialities and limitations in the 1D
IP inversion of ground-based transient electromagnetic responses
of a uniform and a two-layer earth. Kratzer and Macnae (2012)
develop an approximate interpretation tool to invert ATEM IP
responses. Fiandaca et al. (2012) present a laterally constrained 1D
inversion scheme to model the complex resistivity in terms of the
Cole-Cole IP model (Cole and Cole, 1941; Pelton et al., 1978), and
Viezzoli et al. (2017) use the approach of Fiandaca et al. (2012) to
study the recovering of IP parameters from AEM data. Kang and
Oldenburg (2016) and Kang et al. (2017) propose a 3D inversion
method for ATEM IP data, where they do a 3D resistivity only in-
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version of the early time data not significantly affected by IP, sub-
tract the forward responses from the data and by this decouple the IP
model from the resistivity model. However, the computation power
involved is significant for a 3D inversion and the decoupling ap-
proach neglects the correlations between the resistivity and the
IP parameters (by assuming that the early-time data are not affected
by IP).

Two-dimensional forward modeling of ATEM IP has, to the best
of our knowledge, not been presented before, and we use it to gain
insight into IP responses over 2D chargeable bodies and to develop
a robust inversion scheme. We have developed a 2D finite-element
(FE) modeling algorithm for ATEM data, where the model is de-
fined in two dimensions and the source is a finite rectangular loop.
To simulate airborne IP data, our 2D forward code uses the resis-
tivity Cole-Cole (RCC) parameterization (Cole and Cole, 1941;
Pelton et al., 1978) and the maximum phase angle (MPA) repara-
meterization of the RCC model (Fiandaca et al., 2018) to compute
the electrical complex resistivity (Maclennan et al., 2014).

As described in Auken et al. (2008), 1D inversion of ATEM data
in a 3D environment is possible and gives a good recovery of the
true model in many cases. Nevertheless, even in one dimension, the
ATEM IP inversion is significantly ill-posed and it is a challenging
problem to recover the four parameters simultaneously. Here, a ro-
bust inversion scheme, based on the multiparametric 1D laterally
constrained inversion (LCI) scheme (Auken and Christiansen,
2004), is proposed and tested on the 2D data. The inversion scheme
relies on 1D forward/Jacobian computations, but without any decou-
pling approximations, i.e., with a simultaneous recovery of the resis-
tivity and the IP parameters. In addition to the standard 1D LCI
scheme described in Auken et al. (2015), several modifications are
introduced to improve the robustness of the inversion process.

The inversion results of the synthetic data from the 2D models
and of a field example are used to illustrate the effectiveness of the
robust inversion scheme, which suggests a way forward for IP in-
version of large-scale field data sets for geophysical exploration and
geologic mapping.

METHODOLOGY

In this section, we will describe the steps involved in the inves-
tigation, i.e., (1) the 2D modeling, (2) the system description and
simulation of noise, (3) the robust inversion scheme, and (4) the
synthetic models and sounding layout.

2D modeling

For simulating ATEM data, we developed a 2D modeling algo-
rithm. In the implementation, the source is a horizontal rectangular
loop. To deal with the singularity of the field at the source location,
an approach separating the total electric (EM) and magnetic fields
into a primary part containing the singularity and a secondary part
(Wannamaker et al., 1986; Unsworth et al., 1993; Newman and
Alumbaugh, 1995) is used. The EM fields generated by a horizontal
electric dipole at the earth’s surface on either a uniform whole space
or a layered half-space can be evaluated using the expressions pre-
sented by Ward and Hohmann (1987). By integrating numerically
around the loop using the transverse electric (TE) mode of these
expressions and some modifications of the reflection coefficients,
the primary EM fields above the earth generated by a horizontal
rectangular loop in the air on either a uniform whole space or a

layered half-space can be obtained in the wavenumber (k,) domain.
The FE method is then applied to the numerical modeling of the
secondary field for each k,.

Assuming a harmonic time dependence of e/, the secondary
electric field E® and magnetic field H® are described by Maxwell’s
equations:

V X E* = —iugwH?, (D

VxH’ = 6E* + 6,E”, )

where E? is the primary electric field, wis the angular frequency,
is the vacuum magnetic permeability (permeability variations are
not considered), ¢ is the complex conductivity, 6, = 6 —op is
the anomalous complex conductivity, and op is the background
conductivity used for computing the primary field. To include the
IP phenomenon in the Maxwell’s equation, the RCC model as in
Pelton et al. (1978) is applied to model the dispersive complex con-
ductivity in equation 2:

1

m 1
Po |:1 _ﬁ (1 - 1+(iw‘r/,)c>:|

with four interconnected parameters: p is the electrical resistivity
(ohm-m), my is the intrinsic chargeability (mV/V), 7, is the relax-
ation time (s), and C is the frequency exponent.

Following Mitsuhata (2000), we can obtain two coupled gov-

olw) =

3

erning differential equations for the secondary electric field E;

and magnetic field I:1; in the ky-domain after the Fourier transform
is applied to equations 1 and 2 with respect to y. The other com-
ponents E5, EX, H, and H° are calculated from the spatial deriv-
atives of Ez and I:I; To derive the finite-element equations, the
Galerkin method (Zienkiewicz, 1977) and a rectangular element
with four nodes have been adopted. The simple Dirichlet condition
fi; = flf = 0 at the boundaries is assigned. We solve the linear sys-
tem equations by the Bi-CGSTAB method (Smith, 1996; Lin et al.,
2018) to obtain £} and H}. The total EM fields in the k,-domain are
transformed to the space domain by the inverse Fourier transforma-
tion. The ATEM responses are obtained by transforming the total
EM fields from the frequency domain to the time domain.

To assess modeling accuracy of the 2D code, the time derivatives of
the vertical magnetic fields, dB/d¢, were compared with the 1D sol-
ution implemented in the AarhusInv code (Auken et al., 2015). The
comparison between the 1D solution of the AarhusInv code and the
2D response on a three-layer model is shown in Figure 1. The three-
layer model consists of a homogeneous background (p, = 5000 Qm,
mg =0 mV/V), with an anomalous layer (p, = 500 Qm, my =
350 mV/V, 7, = 0.001 s, C = 0.5) embedded in it at a depth of
20 m. The consistency of the 2D response and the 1D solution is suf-
ficiently accurate, with 6.4% maximum deviation at the gates close to
the sign change and less than 2% at all others.

System description and noise: Synthetic example

The main features of the ATEM system used to simulate synthetic
data are described in Table 1. Two types of errors are considered
when constructing the noise model (Auken et al., 2008): (1) a uni-
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form relative error, which simulates possible inaccuracy in the sys-
tem description and (2) a contribution that depends on the signal
level, which mimics the background random noise. Consequently,
the total noise contribution to synthetic data is described as

a) 28 £,=5000 Qm, m =0 mV/V
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Figure 1. Comparison between the 1D solutions of the Aarhuslnv
code and the 2D responses on a three-layer model. (a) The three-
layer model. (b) The time derivatives of the vertical magnetic fields.
(c) Deviations of our 2D solutions from AarhusInv’s 1D solutions.

Table 1. Synthetic AEM system parameters description.

Parameter Value
Transmitter Number of 16
transmitter turns
Transmitter area 300 m?
Peak current 100 A
Peak moment 480,000 NIA
Turn-on time —10 ms
Ramp up to peak current time -9 ms
Turn-off time 0 ps
Ramp down to zero current time 5 ps
Receiver Number of output gates 31

Time-gates interval From 10 ps to 10 ms

(10 gates/decade)

v =G(0.1) - [STDY,; + vyl @

where G(0,1) is the Gaussian distribution with zero mean and stan-
dard deviation 1, STD?2 , is the uniform noise, and v2,.. is the back-
ground noise contribution. Here, the uniform STD is set to 3% on all
the time gates. The background noise can be approximated to a
straight line with a slope of ~!/2 in a log-log plot. From field data,
we estimated an empirical value for the background noise of
10~ V/m*, at 1 ms (Auken et al., 2008).

In the plots throughout the paper, the data are presented in volts
(V) normalized by the receiver and transmitter areas (m*), but not
by current and turns of the transmitter loop. This normalization is
chosen to highlight the level of the signal in comparison with the
background noise.

1D LCI robust scheme

To invert the synthetic data, we use the 1D LCI approach, which
minimizes an objective function that includes 2D lateral constraints
on the model parameters belonging to neighboring stations. The ob-
jective function is expressed by

obs

0= Ny + Ng

sd7CL sd + orT CRlor\ 1
I

where C,,, and Cy, are the data and constraint covariance matrices;
6d = (d — d,) represents the difference between the forward re-
sponse d and the observed data d,; or = —Rm is the roughness of
the model vector m, computed through the roughness matrix R; N,
and Ny represent the number of data points and roughness con-
straints. A Gauss-Newton style minimization scheme with a Mar-
quardt modification (Marquardt, 1963) is applied to find the set of
model parameters that minimize the L2-misfit with respect to ob-
served data and regularization (and prior information, if present).
The model parameters are log-transformed for reducing their dy-
namic range. The stopping criterion for the inversion is enforced
on the relative change in the objective function between consecutive
iterations and is set to 1%. More details about the LCI scheme can
be found in Auken and Christiansen (2004) and Auken et al. (2015).
In this study, we inverted all the soundings along a profile simulta-
neously to minimize a common objective function including lateral
constraints. The 1D LCI algorithm is robust to 2D earth structures
due to the lateral constraints (Auken et al., 2008), but edge effects
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Figure 2. (a) Amplitude and (b) phase of the Cole-Cole complex
conductivity spectrum for the model myps = {py = 100 Qm,
@Pmax = 100 mrad, 7, =5 X 10~* s, C = 0.5}. The low- and high-
frequency limits of the amplitude are py and py(1 — mg) (with my
expressed in V/V).
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such as “pants legs,” that are reminiscent of diffraction hyperbolas
from seismic sections (Wolfgram et al., 2003), may be found in
the 1D LCI inversion models when significant lateral resistivity con-
trasts are present. The 1D LCI has its advantages in the reduction of
the nonuniqueness, recovering the lateral continuity of the inverted
model, compared with individual sounding-by-sounding 1D inver-
sions. Finally, compared with a full 2D inversion, the 1D LCI is com-
putationally efficient, which makes field-data inversion practical.

Compared with the standard 1D LCI scheme described in Auken
et al. (2015) and used in Viezzoli et al. (2017) and Kaminski and
Viezzoli (2017), five modifications have been implemented to in-
crease the stability and parameter recovery of the ATEM IP inver-
sion: (1) The model space has been reparameterized to minimize
parameter correlations, (2) a method to establish robust starting
models has been identified, (3) the 7 and C parameters have been
fixed in the first few iterations awaiting structure to happen in the
resistivity and chargeability parameters, (4) the data standard devi-
ations have been modified close to the sign change to improve con-
vergence, and (5) the damping scheme has been modified to balance
the multiparameter model space better. In the following, these five
modifications are treated in detail.

Model space

The model reparameterization consists of the MPA reparamete-
rization of the RCC model introduced by Fiandaca et al. (2018) for
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Figure 3. Phase spectra and AEM responses for the homogeneous
half-space models. Reference model: myps = {po = 100 Qm,
@max = 100 mrad, 7, = 5 X 10™* s, C = 0.5}. (a) Reference phase
spectrum (gray line), spectrum obtained with 20% m, decrease
(green line) and 20% C decrease (orange line) for the RCC model.
(b) Reference AEM response (gray line), response obtained with
20% m, decrease (green line) and 20% C decrease (orange line)
for the RCC model. (c) Reference phase spectrum (gray line), spec-
trum obtained with 20% @, decrease (green line) and 20% C in-
crease (orange line) for the MPA model. (d) Reference AEM
response (gray line), response obtained with 20% ¢,,,, decrease
(green line) and 20% C increase (orange line) for the MPA model.
In sections (b and d), the circled data are negative. The magenta
lines represent the noise level.

galvanic, ground-based frequency-domain and time-domain IP in-
versions, described by the parameters

n‘lMPA = {va Pmax > T{/n C}, (6)

where @, represents the MPA of the Cole-Cole complex resistiv-
ity and z,, is the inverse of the frequency at which ¢y, is reached.
Figure 2 shows the absolute value and the phase (sign reversed)
of the Cole-Cole complex resistivity as a function of frequency,
with the classic Cole-Cole parameters (py, my, 7,), and @y, and
7, represented as well. The phase reaches the maximum ¢y, at the
frequency 1/2zt,. The terms 7, and 7, are linked through the re-
lation 7, = 7, - (1 — my)"/*C.

In the inversion of galvanic, ground-based time-domain, or
frequency-domain spectral IP data, the m and C parameters of the
RCC model are strongly correlated (Bérubé et al., 2017; Fiandaca
et al., 2018), whereas the correlation between ¢,, and C in the
MPA parameterization is weaker, leading to a significantly better
resolution of ¢,,,x compared with m (Fiandaca et al., 2017). A re-
duction of the ¢, — C correlation in comparison with the my — C
correlation is obtained also for ATEM data. This can be seen in
Figure 3, in which the phase of the complex resistivity and the
ATEM response of a homogeneous half-space are compared when
varying the ¢, /C parameters of the MPA model and the my/C
parameters of the classic RCC model. In Figure 3a, the phase of the
reference RCC model (gray line) is compared with the phase ob-
tained with a 20% decrease of m (green line) and a 20% decrease
of C (orange line). The decrease of m, and the decrease of C cause
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Figure 4. The three basic 2D experimental models. The horizontal
lengths of anomalies are (a) infinite, (b) 320 m, and (c) 60 m. By
applying two sets of IP parameters to the anomalies, a total of six
models are achieved.
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similar phase variations close to the phase peak. This similarity in
the phase variation is reflected into the effect on the ATEM response
(Figure 3b), where the responses are practically indistinguishable
(green and orange lines) above the background noise. In Figure 3c,
the phase of the MPA reference model (gray line) is compared with
the phase obtained with a 20% decrease of ¢, (green line) and a
20% increase of C (orange line). Here, it is an increase instead of
decrease because a C decrease would bring the orange line even
farther from the phase of 20% ¢,,,,x decrease. The spectra obtained
with the 20% ¢, decrease and the 20% C increase are signifi-
cantly different close to the phase peak, and the corresponding
ATEM responses (Figure 3d) are clearly distinguishable.

Robust starting models

Like any other ill-posed problem, the IP inver-
sion problem can become unstable and sensitive

focusing the structure to py and @, Then, in step two, 7, and C
are released and all four parameters are optimized simultaneously.

Sign changes

During the iterative inversion process, changes in model param-
eters that impact the timing of the sign reversal in the forward re-
sponses infer large variation in the data misfit of the objective
function. This leads to instability in the inversion process, which
easily traps the model in a local minimum. To mitigate the effects
linked to the sign change, we increase the uniform STD at the four
time gates (two positive and two negative) around the sign change
(s) from 3% to 30%.

Table 2. The two different MPA Cole-Cole parameters used in the 2D
experimental models.****

to the starting parameter values. Compared with
inverting for resistivity only, the choice of the

po QM) mg MV) gy (mrad) 7, (5) 7, () C

starting values for the four parameters becomes

significantly more critical in IP inversion. As
presented by Viezzoli et al. (2017), the use of
ancillary a priori information (drilling, geology,
ground geophysics, etc.) can help to reduce the

Type 1

Type 2

Host rock
Anomaly
Host rock
Anomaly

ambiguity of the inversion results. The question

100 10 0.4 0.01 0.01 0.1

10 500 142 0.001  0.0005 0.5
5000 0 0 0 0 0
500 350 89 0.001  0.00065 0.5

is how to choose the starting parameter values

without available ancillary information, which is the normal situa-
tion. Our tests found that using starting values close to the values of
the half-space host rock (i.e., ignoring an anomalous IP layer) is a
good choice for all four MPA Cole-Cole parameters. If the starting
value of p, or ¢« is far away from the values of the host rock, the
inversion often converges to the wrong model. Based on this, and
considering that the host rock is usually nonchargeable, our robust
scheme to choose the starting MPA Cole-Cole parameters is (1) in-
vert resistivity-only including only the nonnegative data, and using
tight lateral and vertical constraints, to get a nearly homogeneous
resistivity model as the starting value for pg; (2) choose a low or
moderate value (10-30 mrad) as the starting ¢,,,,, which does
not trigger negative data (note that smaller values are needed when
starting from high resistivity values and that the values depend also
on the system characteristics, so that forward modeling tests might
be needed for finding appropriate values); (3) set the starting value
for C to 0.3, i.e., an intermediate value; (4) select a value in the
interval le-1s to le-5s, which triggers the strongest IP as the staring
values for z,,. This choice for the starting resistivity is based on the
assumption that the IP-affected AEM data are only present in a por-
tion of the profile/area and that the remaining soundings can give a
reasonable estimate of the background resistivity. This is not nec-
essarily always true, and the negative data can dominate not only
spatially in the surveyed area, but also within each sounding. In this
case, the resistivity of the starting model can be hard to retrieve
automatically and it has to be manually set.

Locking parameters

Simultaneous recovery of four parameters increases the non-
uniqueness of the inversion. To favor the structure in the p, and
@max parameters and decrease nonuniqueness, the robust scheme
is separated into two steps after the starting model is determined.
In step one, the parameters z,, and C are fixed for several iterations,
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Figure 5. Comparison between the 2D responses (red and blue lines
with gray error bar) and the 1D response (black lines) at stations A
(red) and B (blue) generated on models (a and b) 1 and (c and d) 2.
The magenta lines represent the noise level. Stations A and B lie at
480 and 660 m in the x-direction, respectively.
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Damping scheme

The adaptive damping approach based on the Marquardt method
described in Auken et al. (2015) damps all the inversion parameters
through the maximum diagonal element of the matrix G C'~'G},
where G,, and C’ are the Jacobian of the nth iteration and the data
covariance matrix, respectively (extended to also contain the prior
and roughness information; for details, see Auken et al., 2015). In
the IP inversion, we have four inversion parameters per layer, which
means that the magnitudes of the Jacobian elements differ signifi-
cantly. For example, the 7,, parameter usually has very small deriva-
tive values compared with the other parameters. This means that the
damping scheme described in Auken et al. (2015) likely overdamps
the weakly resolved parameter types, impeding their variation through
the inversion process. To overcome this problem, the damping scheme
was modified to evaluate the maximum of the G;TC’~'G, matrix
block-wise for each parameter type and damping them per block.

Altogether, the effect of the robust LCI scheme facilitates a robust
convergence of the ATEM IP inversions, as shown in the “Results”
section.

Synthetic models and sounding layout

Fifty-one synthetic soundings simulating a profile length of 1 km
(20 m sounding spacing) were used for each of the 2D forward
modeling scenarios. In the 2D finite-element forward modeling,

a) Station A b) Station B
1073 —1D| —1D
< —2D —2D
&
Model = 107"
1 2 I I
T a1
10
©) d
1073 —1D —1D
< —2D —2D
Model = 1077 |
b 2
© 10—11 |

10 10 102 10°% 10 1072

Time (s) Time (s)
e) A B
0 - — -
o -50 | Host rock
:_1 00 - Conductive anomaly
-150 | ; | |
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Figure 6. Comparison between the 2D responses (the red and blue
lines with the gray error bar) and the 1D response (black lines) at
stations A (red) and B (blue) generated on conductive models (a and
b) 1b and (c and d) 2b, which have the same conductivity structure
as models 1 and 2, but without an IP effect (¢, = 0 mrad). The
magenta lines represent the noise level. Stations A and B lie at 480
and 660 m in the x-direction, respectively.

the grid has a fine central part containing the model, the transmitter,
and receivers laterally and vertically. The grid has 141 X 39 in the x-
z plane (a total of 5499 nodes). A nominal flight height of 30 m over
a flat surface was used.

In our experiments, we consider six 2D models based on three
base models. The models are displayed in Figure 4, and they all
consist of a chargeable anomaly 20 m below surface. The charge-
able and relatively conductive anomalies are embedded in a homo-
geneous and nonchargeable host rock, mimicking ore bodies. The
lengths of the chargeable anomaly blocks are infinite (models 1 and
2), 320 (models 3 and 4) and 60 m (models 5 and 6). Two different
sets of IP parameters (shown in Table 2) are used in the models. The
Cole-Cole parameters of type 2 are the same used for the dissemi-
nated sulfide model by Viezzoli et al. (2017, Figure 2). Models
using the type 2 parameters are comparatively resistive. We also
consider a comparatively conductive type 1 with different IP param-
eters. In our six experimental models, the type 1 Cole-Cole param-
eters are used for models 1, 3, and 5 and the type 2 are used for
models 2, 4, and 6.

RESULTS
Synthetic examples
2D effects on AEM IP data

Comparisons between the 2D responses (the red and blue lines
with the gray error bar) and the 1D responses (the black lines) at
station A (red) and station B (blue) generated on models 1 and 2 are

Station A Station B
a) )
1073 —1D —1D
2 —2D —2D
&
Model = 1077 1
3 3 /2D
Q11
T10
c) d)
1073 —1D —1D
< —2D —2D
Model S 1077
4 3
%10-11

107 10 102 10° 10™ 1072
Time (s)

Chargeable anomaly

0 250 500 750 1000
x (m)

Figure 7. The same as Figure 5 but for models (a and b) 3 and (c
and d) 4. Stations A and B lie at 320 and 500 m in the x-direction,
respectively.
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shown in Figure 5a and 5b and Figure 5c and 5d, respectively.
Influenced by the edge of the target, significant differences between
the 2D responses and 1D responses are observed at the A station
(Figure 5a and 5c), which is 20 m outside the anomaly. A sign
change due to the 2D effect is seen only with the comparatively
resistive model 2 (Figure 5c), although the negative data are below
the noise level. Edge effects are still seen at station B, 160 m away
from the anomaly edge, whereas they are negligible at 440 m from
the edge (not shown).

On model 2, stronger IP effects with a much earlier sign reversal
is observed at station B (Figure 5d). Similarly, on model 1, clear
sign changes appear at station B (Figure 5b). The differences in
the timing of the sign reversal are an effect of the relative size be-
tween the signal coming from the anomalous conductivity and the
negative effect of the anomalous chargeability. To underline this,
Figure 6 shows a comparison of the 2D and 1D responses on models
1b and 2b, which have the same conductivity structure as models 1
and 2, but without IP (¢,,,, = 0 mrad). Here, 2D effects are present
at stations A and B, but no sign reversals are observed. Hence, the
sign reversal is an effect solely of the IP response, but the timing
includes a balance with the conductivity-driven signal.

Figure 7 shows the comparison between the 2D responses and the
1D responses at stations A and B generated on models 3 and 4.
Stations A and B are again 20 and 160 m away from the target edge.
The 2D responses at stations A and B have obvious differences to
the 1D responses and have similar characteristics as those in Fig-
ure 5 although the IP effects on models 3 and 4 are stronger, seen as
a sign reversal at an earlier time.

a) Station A b) Station B
1073 1 —1D| —1D
< —2D —2D
S
Model = 1077 {
S
° @ 11
© 10— 4
c) d)
3 —1D[ 1 —1D
< 10 —2D —2D
S
Model = 1077 {
6 3
[a0)
© 10—11 4

107% 10 102 10® 10 1072

Time (s) Time (s)
e) AB
0 V¥
z -50 I Host rock
\"7—1 00 - Chargeable anomaly
0 250 500 750 1000

X (m)

Figure 8. The same as Figure 5 but for models (a and b) 5 and (c
and d) 6. Stations A and B lie at 460 and 500 m in the x-direction,
respectively.

The comparisons between the 2D and 1D responses at stations A
and B for models 5 and 6 are shown in Figure 8. The 2D responses
generated by the comparatively smaller anomaly in the x-direction
(models 5 and 6) are still different from the 1D responses. Looking
at the 2D responses alone, there are significant differences between
models 5 and 6, where model 5 does not produce a sign change,
whereas model 6 creates a clear sign reversal. However, the negative
data for model 6 are below the noise level. Such responses with no
sign change or negative data below the noise level would be hard to
interpret as IP effects.

Comparing the responses at station B on model 3 and those on
model 5, which have the same Cole-Cole parameters but different
model geometry, the 2D responses are obviously affected by the
length of the target. A clearer sign reversal is seen because the
longer target (model 3, Figure 7b) is charged up more strongly.
A similar phenomenon is observed in the 2D responses at
station B on models 4 and 6 (Figures 7d and 8d).

Figure 9 shows a comparison between the 2D IP responses and
the 2D resistivity-only responses at station A (from Figures Sa, Sc,
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Figure 9. Comparison between the 2D IP responses (the red lines
with the gray error bar) and the 2D resistivity-only responses (green
lines) at station A (shown in Figures 5, 7, and 8) generated on the
(a) models 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6. The black lines show
the ratio of the 2D IP responses divided by 2D resistivity-only re-
sponses.
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7a, 7c, 8a, and 8c) for all six models. The black lines show the ratios
of the 2D IP responses normalized by 2D resistivity-only responses.
The negative ratios come from the negative values of the IP re-
sponses at late gate times for models 2, 4, and 6. The responses
are similar at the early gate times, with ratios close to 1, but the
differences become significant at later times. For models 1, 3,
and 5, the (logarithmic) average deviations between the 2D IP
responses and the 2D resistivity-only responses are 18%, 24%,
and 32%, respectively, with the larger deviations at approximately
10 ms (the smallest ratio is 0.24 for model 1). For models 2, 4, and
6, the deviations are much larger than for the conductive models
because sign reversals are present in the 2D IP responses, the small-
est ratio being 0.013 for model 2 at the time gate of 0.5012 ms.
Consequently, big 2D IP edge effects are present when the back-
ground is resistive and sign reversals exist in the 2D IP responses,
but significant edge effects are also present when sign reversals are
not observed.

Inversion results

First, inversions with the robust 1D inversion scheme on the syn-
thetic data from the six experimental models without noise contami-
nation are presented. The robust scheme uses the following settings:
MPA inversion; starting p, from the resistivity-only inversion with-
out negative data, @, = 30 mrad, 7, = le —4s, and C = 0.3; 7,

a) p

and C locked for the first seven iterations; increased STD to 30% at
the four gate times at the sign reversal; and the adaptive damping
approach.

Figure 10 shows the inversion results from the synthetic data for
models 1, 3, and 5 (Figure 10a, 10b, and 10c, respectively). The
depth of investigation (DOI) is computed following Fiandaca et al.
(2015). The anomalies of the three models are recovered for all four
MPA parameters, in magnitude and shape, and the data are well-
fitted. This means that the differences between the 1D and 2D re-
sponses seen in the synthetic studies are compensated in the inver-
sion through small parameter variations that do not prevent the
recovery of reasonable models. However, pants-leg edge effects
are present in the resistivity and MPA (¢,,.c) sections. The edge
effects in the ¢,,,x parameter are a consequence of the 2D IP effects
at the anomaly edges presented in Figure 9. The edge effects are
present in @p,, and not in 7, and C because @, controls the
strength of the IP effect in the data more than 7, and C. However,
contrary to the resistivity parameter, the edge effects in ¢, lay
below the DOI on models 1 and 3. On model 5, the ¢,,,, edge ef-
fects are above the DOI, but the ¢, values retrieved by the inver-
sion are smaller in the edges than in the anomaly. On the contrary,
on model 5, the resistivity edge effects are as strong as the resistivity
anomaly.

To investigate the effect of inverting with a full IP model with
four parameters, we show 1D resistivity-only inversion results of
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Figure 10. Inversion results from 1D LCI of the synthetic data for models 1 (a), 3 (b), and 5 (c) using the robust scheme. The shaded areas

represent the portions of the models below the DOL.
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the synthetic data for models 1, 3, and 5 in Figure 11. To do this, the
negative data have been removed. As is clearly seen, the resistivity-
only inversions do not reproduce the resistivity models as well and
they have a poorer data fit.

Figure 12 shows the inversion results from the synthetic data
for models 2, 4, and 6 using the robust 1D inversion scheme.
The anomalies of the three models are decently recovered in the
resistivity and phase sections, but not as well as in Figure 10. Fur-
thermore, contrary to Figure 10, in Figure 12, the edge effects in ¢,
are above the DOI and similar to the resistivity edge effects because
the 2D IP edge effects in the forward data are stronger

in the models with more resistive backgrounds (Figure 9). The
inversion results from the synthetic data inverting resistivity-only
after deleting the negative data are shown in Figure 13. It is found
that the inversions for models 2 and 4 represent the anomalies at a
much shallower depth than the true depth. Nevertheless, compared
with the results obtained from inverting resistivity only (Figure 13),
the IP inversions have smaller data misfits and more accurate resis-
tivity images (the first row in Figure 12). As shown in Figure 8c and
8d, there are no IP effects above the noise level in the 2D responses
from by the smallest anomaly in model 6. Therefore, the inversions
for model 6 cannot predict the true model.
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Figure 11. Inversion results from 1D LCI of the synthetic data for models 1 (a), 3 (b), and 5 (c) inverting resistivity only and without con-
sidering the negative data. The shaded areas represent the portions of the models below the DOL
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To highlight the role of the robust inversion scheme in the results,
we have carried out separate inversions with the elements of the
robust scheme taken out one by one. The results are shown in Fig-
ure 14. These inversions are presented against the data misfits of the
MPA inversions with the full robust scheme (black lines) for all six
experimental models. In Figure 14a, the red line shows the data mis-
fits of the inversions without the robust starting model for resistivity,
where a homogeneous starting value p, = 700 Qm is used instead.
The data misfits without robust starting p, are generally larger than
those using the robust scheme (black line) except for model 4. In
Figure 14b, the blue line shows the data misfits of the inversions
without the robust STD values (a 30% STD at the four time gates

Residuals

Residuals

at the sign reversal). The misfits without the robust noise are larger
than the misfits of the inversion with the robust scheme, except for
model 6, for which there is a small decrease. In Figure 14c, the
green line shows the data misfits without locking 7, and C in the
first seven iterations. Again, the misfits are generally bigger espe-
cially for the models 1-3. In Figure 14d, the magenta line shows the
data misfits of the inversion without the parameter-type dependent
damping scheme, with a significant misfit increase for models 1 and
2; whereas models 3 and 4 show a deceased misfit. For the few
models where the robust scheme does not give an improved data
residual, we evaluated the model results with the general conclusion
that the inversion results with robust scheme are more accurate
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Figure 13. Inversion results from 1D LCI of the synthetic data for models 2 (a), 4 (b), and 6 (c) inverting resistivity only and without con-
sidering the negative data. The shaded areas represent the portions of the models below the DOL
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Figure 14. Comparison between the data misfits of the inversions
for six experimental models (without noise contamination) with the
robust scheme (black lines) and those without using it (colored
lines). (a) The red line shows the data misfits of the inversions with-
out the robust starting pg (i.e., with starting p, = 700 Qm for all
inversions). (b) The blue line shows the data misfit of the inversion
without robust STD values (i.e., without the increased STD around
the sign reversal). (c) The green line shows the data misfit of the
inversion without fixing 7, and C in the first seven iterations.
(d) The magenta line shows the data misfit of the inversion without
the parameter-type dependent damping scheme.
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representations of the true model, but we are not showing these re-
sults for brevity. Moreover, the inversion results obtained without
any of the implementations of the robust scheme are significantly
worse than those presented in Figure 14.

Finally, to test the robust scheme against noise contaminated
data, 100 data sets contaminated with different random noise dis-
tributions were inverted for each experimental model. Figure 15
shows the distribution of the data misfits from the 100 inversions
for six models. A good data misfit, approximately 1, is obtained for
the most part of the inversions. Furthermore, the inversion models
are very similar to those shown in Figures 10 and 12.

Field example
The survey

The field example is extracted from a SkyTEM survey over the
Hope Bay area, in the West Kitikmeot region of Nunavut Territory,
Canada. The study area presents several world-class porphyry-type
gold deposits in a greenstone belt environment, in particular, Doris,
Madrid, and Boston deposits, all TMAC Resources Inc. properties.
The survey was requested by TMAC and covered 12,123 km in the
Madrid deposit area. Its main purpose was to add relevant geologic
information to the understanding of the gold-deposit environment.

Due to the mineralization styles and as described in Kaminski
et al. (2016), it is expected to have a significant IP effect in this
AEM survey. In fact, these authors demonstrated that this data set
needs to be inverted considering a multiparameter IP mode, to re-
cover a reliable resistivity model and avoid distorted conductive
anomalies when a resistivity-only parameterization is considered.

Taking in account these characteristics, this data set is ideal for
the application of the proposed robust inversion scheme.

Kaminski et al. (2016) point out three conductive anomalies in
the north portion of the SkyTEM survey, which were significantly
distorted when a resistivity-only model was applied, but were better
recovered using a multiparametric IP inversion (they used the RCC
parameterization). In this work, we present the results for the
proposed robust inversion scheme applied for a cut in a flight line
profile with 3.2 km extension in the region of an anomaly given
number three.

AEM system

The system used for the field example was the SkyTEMS516, with
dual magnetic dipole moments: low moment (LM) and high mo-
ment (HM). The key parameters for the transmitter and receiver sys-
tems are summarized in Table 3 (adapted from the SkyTEM ApS
survey report). The nominal terrain clearance for the transmitter/
receiver system is 30 m, flight speed of 87 km/h and the nominal
sampling rate is 10 Hz, after preliminary processing during the sur-
vey execution.

Inversion results

In Figure 16a and 16b, the LM and HM AEM data of the field
example are presented, respectively. The blue marks represent the
positive data, the red marks represent the negative data, whereas the
gray marks show the data removed during processing (with some
portions of the profile in which all data are below the noise floor due
to a very resistive ground). The chosen profile presents negative

Table 3. SkyTEMS516 system parameters used in the Hope Bay survey (adapted from SkyTEM ApS survey report).

Parameter Value
LM HM
Transmitter Number of transmitter turns 2 16
Transmitter area 536.36 m?
Peak current 5.3/53 A 113.8/117.9 A
Peak moment 4500 NIA 1,000,000 NIA
Repetition frequency 210 Hz 30 Hz
Turn-on time —800.000 ps —400.000 ps
Ramp up to peak current time 0 ms —0.3766 ms
Turn-off time 1.776 ps 0 ms
Ramp down to zero current time 29.050 ps 705.013 ps
Duty cycle 33% 24%
Waveform Square
Receiver Sample rate All decays were measured

Number of output gates

Time gates interval (calibrated gate center
referenced to the LM turn-off time)
Receiver coil low-pass filter

Receiver instrument low-pass filter
Repetition frequency
Front gate

From 54.115 to 1369.615 ps

28 39
From 172.615 to 10275.615 ps

210 kHz

300 kHz
210 Hz 30 Hz
0.0 ps 800 ps
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Figure 16. Data and inversion model of the field profile. (a and b) LM and HM data. The
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Figure 17. Example of data, fit, and corresponding model. (a) Data (red marks) and
forward response (black line and marks); negative measured/forwarded data are circled.

(b) Resistivity model. (c¢) MPA model.

data in the LM and HM acquisitions, not only at
late times (as in the synthetic examples) but also
at early times, with full-negative AEM responses
(above the noise floor) as well as responses start-
ing negative, increasing to positive values, and
finally decaying to zero.

The inversion results for the py, @y, 7,,, and
C parameters are presented in Figure 16c-16f,
and the corresponding data misfit is presented
in Figure 16g. The figure sections of the z,,
and C parameters (Figure 16e and 16f) are plot-
ted with a smaller depth range because the DOI is
really shallow and no significant information is
present in the deep part of the sections. Figure 17a
shows a sounding example with data fit, with the
corresponding 1D model used for generating the
forward response presented in Figure 17b—17c.

The inversion results presented in Figures 16
and 17 were computed using the same robust set-
ting of the synthetic examples, except for the start-
ing resistivity value. Indeed, the resistivity-only
inversion carried out on the positive data with tight
lateral and vertical constraints give a too-resistive
starting model, which prevents a good conver-
gence of the inversion. Consequently, a homo-
geneous value equal to 250 Qm was used as the
starting value for the inversion.

The inversion model presents a shallow con-
ductive and chargeable layer in a significant por-
tion of the profile. This layer is responsible of the
early-time negative data, and it makes an inter-
pretation of the data in terms of a resistivity-only
inversion impossible. Deeper conductive anoma-
lies are present in the west portion of the profile,
associated with moderate values in the ¢,,,, sec-
tion. The inversion in terms of the MPA model
allows us to fit almost all the negative data
present in the section, as evidenced by the exam-
ple in Figure 17a.

CONCLUSION

Based on the FE method and the Cole-Cole
model, a 2D modeling algorithm has been devel-
oped to simulate ATEM IP data, and it is verified
against the 1D AarhusInv solution. Using the
modeling code, we generated 2D ATEM forward
responses on six experimental models and studied
the 2D IP effects on ATEM data. For inversion, a
robust 1D LCI scheme for ATEM IP is presented,
based on five new implementations: (1) using the
MPA reparameterization of the Cole-Cole model,
which decreases parameter correlations; (2) identi-
fication of a general robust starting model; (3) fix-
ing of the 7 and C parameters for the first few
iterations; (4) definition of data standard devia-
tions that facilitate convergence, especially around
possible sign changes; and (5) a new parameter-
type dependent damping scheme.
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From the comparison of the 2D IP responses, 1D IP responses,
and 2D responses without IP, it is concluded that 2D IP edge effects
are clearly present in the forward data. The magnitude of the 2D IP
edge effects depends on the horizontal length of the 2D target and
the distance between the receiver and the target, as well as on the
four MPA Cole-Cole parameters, with stronger edge effects on
models with more resistive backgrounds. Furthermore, 2D re-
sponses with no sign change or negative data below the noise level
are generated by the short target in the horizontal direction, and they
would be hard to interpret as IP effects.

Two-dimensional synthetic data on six models were inverted. The
inversion results show that it is possible to recover the 2D IP param-
eters using a 1D scheme, but pants-leg edge effects are present in the
inversion models when large parameter contrasts exist. However,
the 2D IP edge effects are less pronounced than the resistivity edge
effects on models with more conductive backgrounds. Overall, the
anomalies of the models that generate strong IP signals are well-
resolved. Equally important, inverting with IP parameters, contrary
to resistivity-only inversion, results in better defined resistivity sec-
tions. In other words — if data exhibiting IP effects are inverted
ignoring the IP parameters, one will get erroneous resistivity models
as a result. These considerations are corroborated by the inversion
of a field example in which full-negative decays are present in many
areas of the profile, making resistivity-only inversion impossible.
However, incorporating IP parameters in the model description
makes inversion possible with realistic resistivity structures of
the subsurface and well-fitted data.
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