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 A B S T R A C T

Subsurface electrical conductivity models from frequency-domain electromagnetic (FDEM) induction mea-
surements are often derived using computationally efficient one-dimensional piecewise inversion (PWI) 
approaches. However, PWI does not account for lateral conductivity variations or the measurement overlap 
between adjacent soundings, which can limit model estimation accuracy. Laterally constrained inversion 
(LCI) introduces smoothness constraints to reduce lateral variability between neighbouring models, potentially 
improving continuity. In this study, both PWI and LCI use a 1D forward function, assuming a horizontally 
layered earth, and a horizontally laying rigid boom instrument, to perform the estimations This study presents 
a detailed analysis of how various 2.5D and 3D conductivity distributions, including topographic variations and 
instrument pitch angle, affect FDEM measurements. We examine how these measurement distortions propagate 
into PWI and LCI inversion results. Under ideal conditions, such as flat terrain, no instrument tilt, and simple 
two-layer models, both methods recover accurate conductivity structures, with LCI offering little advantage 
in accuracy. When topography is introduced, however, distortions occur even at slopes as small as 2◦, and 
both methods show degraded performance, particularly in 3D scenarios. In the field example, LCI produces 
smoother and more stable results than PWI in the presence of noise, but its assumption of lateral smoothness 
can be restrictive in geologically complex settings. Our findings show that both inversion strategies are sensitive 
to topographic and 3D effects, and that error propagation significantly influences inversion reliability. These 
results highlight the need for improved methodologies capable of handling realistic acquisition conditions and 
measurement uncertainties in FDEM surveys.
. Introduction

Ground-based frequency domain electromagnetic (FDEM) induc-
ion soundings with loop-loop configurations are commonly used for 
apping electric conductivity inside the subsurface. Electrical conduc-
ivity models estimated with this geophysical measurement are used 
n various applications, such as geologic mapping, mining, water ex-
loration, precision farming, and archeology. Single-frequency, multi-
onfiguration sensors can simultaneously measure different volumes of 
ubsurface investigation. The resulting measurements are commonly 
sed to image the subsurface through data inversion.
It has been suggested with numerical examples that for a 2-layered 

orizontal subsurface, the inversion problem is unique for a specific 
nstrument configuration (Carrizo Mascarell et al., 2024b). This allows 
or the estimation of electrical conductivity models from loop-loop con-
iguration FDEM measurements using a 1D piecewise layered medium 
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approach, as they are computationally easy to solve (Heagy et al., 2017; 
Kiyan et al., 2022; McLachlan et al., 2021). However, FDEM mea-
surements are influenced by a volume of the subsurface that contains 
lateral and vertical variations in three dimensions. This might present 
a limitation for an accurate representation of the true distribution of 
the electrical conductivity of the subsurface. Moreover, the piecewise 
1D approach presents a lack of continuity between adjacent soundings 
when, in reality, there is an overlap of the subsurface volumes that are 
influencing the measurements.

A way to tackle the lack of continuity between 1D estimations is to 
introduce prior information through smoothness constraints, to limit 
the variability between the parameter values characterizing the adja-
cent 1D models (Constable et al., 1987). This inversion method is called 
Laterally Constrained Inversion (LCI), see, e.g., Auken and Christiansen 
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(2004). Some examples of FDEM data are shown in Monteiro Santos 
(2004), Christiansen et al. (2016) and Klose et al. (2022).

Previous studies have mentioned the limitations of the PWI and LCI 
methods in reproducing 2D and 3D structures, since they rely on 1D 
forward modelling (Ley-Cooper et al., 2010; Silic et al., 2015). Several 
corrective approaches have been proposed to address these issues (Bai 
et al., 2021; Deleersnyder et al., 2022). Moreover, full 3D inversion 
of electromagnetic measurements has also been subject to research in 
the past decade (Alumbaugh and Newman, 2000; Oldenburg et al., 
2020; Zhang et al., 2021). However, it requires a significant amount 
of computational resources that can be prohibitive.

In this study, we investigate how different forms of three-
dimensional variability in subsurface electrical conductivity affect
FDEM measurements. Our goal is to determine to what extent the 1D 
forward model is sufficient to reproduce measurements in 2.5D/3D 
earth models. To this end, we demonstrate how the differences in the 
measurements impact the accuracy of PWI and LCI inversion results 
in noise-free conditions, where 1D forward modelling assumptions 
are considered. To better approximate field conditions, we simulate 
dipping interfaces, instrument pitch angle, and realistic topography, 
where the instrument follows the slope of the air-subsurface interface. 
We then evaluate how these effects influence model estimations in a 
series of numerical examples, culminating in a discussion of the results 
and their implications for field surveys.

2. Theory

The FDEM instrument holds two components: a transmitter coil 
𝑇𝑥 and a receiver coil 𝑅𝑥. The system uses an alternating current 
flowing in the transmitter coil as a source to create an alternating 
primary magnetic field 𝐇p, where the magnetic dipole is perpendicular 
to the transmitter coil plane 𝑇𝑥. This time-varying flux produces an 
electromotive force inducing eddy currents in the conductive materials 
of the subsurface as described by Faraday’s law: 

∇ × 𝐄 = −𝜇 𝜕𝐇
𝜕𝑡

, (1)

where E is the vector electrical field strength, H is the vector magnetic 
field strength, 𝜇 is the magnetic permeability and 𝑡 is time. The eddy 
currents in the subsurface generate an alternating secondary magnetic 
field 𝐇s. The total magnetic field strength is the sum of the primary and 
secondary magnetic fields (𝐇 = 𝐇p + 𝐇s). The time-varying fluxes of 
the magnetic fields 𝐇p and 𝐇s pass through the receiver coil, inducing 
a voltage that the instrument can measure. Since the primary field 𝐇p

is known, FDEM instruments can provide the mutual impedance ratio 
between 𝐇s and 𝐇p, which contains information about the subsurface 
conductivity.

FDEM multi-configuration instruments provide apparent conduc-
tivity 𝜎𝑎 measurements that are transformed into quadrature (𝐐) val-
ues (McNeill, 1980), and in-phase (𝐈𝐏) measurements. In this study, 
we use an FDEM instrument configuration, as shown in Fig.  1, where
quadrature and in-phase measurements are obtained for each coil-coil 
configuration.

For a horizontally layered earth with two layers, the model param-
eters are defined as 

𝐦𝑡𝑟𝑢𝑒 = [𝜎1, 𝜎2, ℎ1], (2)

where 𝜎1, 𝜎2 are the electrical conductivities of the two layers, and ℎ1
is the thickness of the first layer. The corresponding data vector is 

𝐝𝑜𝑏𝑠 = [𝐐H,𝐐P,𝐐V, 𝐈𝐏H, 𝐈𝐏P, 𝐈𝐏V], (3)

where the superscripts H,V and P indicate the coil-coil orientation.
2 
3. Methodology

In this section, we describe the methodologies used to invert elec-
trical conductivity models using FDEM measurements. We compare the 
results of two inversion methodologies: Piecewise 1D Inversion (PWI) 
and Laterally Constrained Inversion (LCI). Both inversion methods use 
1D horizontally layered forward modelling described in the following 
section.

3.1. Forward modelling

For the 1D forward modelling, used in the PWI and LCI methods, 
we assume a horizontally layered medium and use the wavenumber-
frequency formulation given by Wait (1982). We use a digital linear 
filter provided by Werthmüller (2017) for the Hankel transform to the 
space-frequency domain. Further details of the 1D forward modelling 
can be found in Carrizo Mascarell et al. (2024b). We make two key 
assumptions: (1) The medium is horizontally layered. (2) The instru-
ment coils are positioned at the same height (meaning pitch angle 
zero). These assumptions are presented as Case (a) in Fig.  3. Moreover, 
we used a 3D forward modelling scheme to simulate the data for the 
numerical examples in which the 1D assumptions do not hold, in order 
to realistically assess the impact of violating these assumptions. The 
scheme was created with the open source package emg3d presented 
in Werthmüller et al. (2019).

3.2. Piecewise 1D Inversion (PWI)

In the PWI method, we estimate each sounding location separately 
(see Fig.  2). FDEM measurements are inverted using the Gauss–Newton 
optimization presented by Günther et al. (2006) and implemented in 
the pyGIMLi package (Rücker et al., 2017) as described in Carrizo 
Mascarell et al. (2024b). This inversion uses internally the 1D forward 
modelling mentioned in Section 3.1.

The gradient-based optimization scheme uses the Gauss–Newton 
method to solve nonlinear least squares problems (Nocedal and Wright, 
1999, p. 259–262) to minimize the following objective function. 
𝛷𝐦 = ‖𝐂𝑑 ( (𝐦) − 𝐝)‖22 + 𝛼‖𝐂𝑚(𝐦 −𝐦0)‖22, (4)

where  (𝐦) is the forward operator, 𝐂𝑑 and 𝐂𝑚 are the data weighting 
and model constraint weighting matrices, 𝐦0 is the initial model, and 
𝛼 is a regularization term. The Gauss–Newton scheme to minimize this 
equation updates the model 𝛥𝐦𝑘 in the 𝑘th iteration using 
(𝐉𝑇𝐂𝑇

𝑑𝐂𝑑𝐉 + 𝛼𝐂𝑇
𝑚𝐂𝑚)𝛥𝐦𝑘 = 𝐉𝑇𝐂𝑇

𝑑𝐂𝑑 (𝛥𝐝𝑘) − 𝛼𝐂𝑇
𝑚𝐂𝑚(𝐦𝑘 −𝐦0), (5)

where 𝐉 = 𝜕 (𝐦)
𝜕𝐦 , 𝛥𝐝𝑘 = 𝐝 −  (𝐦𝑘). The model vector 𝐦 is updated 

iteratively following 
𝐦𝑘+1 = 𝐦𝑘 + 𝜏𝑘𝛥𝐦𝑘, (6)

using a linear search parameter, 𝜏, the superscript 𝑘 indicates the 
iteration number. The linear search parameter 𝜏 is obtained by linear 
interpolation between the old and new model responses.

3.3. Laterally constrained inversion (LCI)

We carry out the LCI using the method introduced by Auken et al. 
(2005) and presented for FDEM measurements on a 2-layered earth 
in Carrizo Mascarell et al. (2024a). The LCI produces a simultaneous 
inversion of adjacent sounding locations to obtain quasi-layered subsur-
face models (see Fig.  2). The basic assumption of the LCI concept is that 
the lateral constraints are considered prior information on the spatial 
variability in the area. Lateral continuity is imposed, regularizing the 
inverse problem by constraining neighbouring model parameters. We 
implement the previously mentioned Gauss–Newton optimizer, also 
used for the LCI method by Thalhammer (2022). This inversion also 
uses the 1D forward model mentioned for PWI.
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Fig. 1. FDEM instrument configuration used in this study.
Fig. 2. Inversion methods: In the PWI method, each sounding position 𝑥 is estimated separately. In the LCI method, all of the models are inverted simultaneously 
using spatial constraints between adjacent models 𝐑.
Source: Modified from Auken et al. (2005).
The objective function is expressed as 
𝛷𝒎 = ‖𝑪d( (𝐦) − 𝐝)‖22 + 𝛼‖𝐑𝐂m(𝐦 −𝐦0)‖22. (7)

The roughening matrix 𝐑 applies the lateral constraints as 
𝐑𝛿𝐦 = 𝛿𝐫 + 𝐞r, (8)

where 𝐞r represents the error on the constraints, 𝛿𝐫 the identity between 
parameters linked by constraints, and 𝛿𝐦 = 𝐦 − 𝐦0. The roughening 
matrix 𝐑 is sparse, containing only diagonals of 1 and −1 for the 
constrained model parameters (as in Eq.  (9)). Each matrix row enforces 
a constraint between two model parameters, 

𝐑 =

⎡

⎢

⎢

⎢

⎢

⎣

1 0 ... 0 −1 0 ... 0 0 0
0 1 0 ... 0 −1 0 ... 0 0
⋮ ⋮ ⋮
0 0 0 ... 0 1 0 ... 0 −1

⎤

⎥

⎥

⎥

⎥

⎦

. (9)

The objective function in Eq.  (7) is minimized also using pyGIMLi
in a Gauss–Newton scheme (Günther et al., 2006). The model update 
is calculated by 
𝛥𝐦𝑘 = (ℜ[𝐉†𝐂𝑑𝐉] + 𝐑𝐂𝑚)−1(ℜ[𝐉𝑇𝐂𝑑𝛿𝐝∗] + 𝛼𝐑𝐂𝑚𝛿𝐦), (10)

where † indicates the complex conjugate transpose and the symbol ∗
indicates complex conjugation. It is clear if we compare Eqs.  (4) and 
3 
(7) that the PWI method is equivalent to the LCI method in the case 
where no constraints are imposed by a roughening matrix 𝐑.

4. Error analysis on measurements due to 3D effects

In this section, we present several cases where the assumptions of 
the 1D forward model mentioned in Section 3.1 are violated: the sub-
surface is not horizontally layered, or the instrument is not positioned 
at the same height. These cases are shown in Fig.  3.

Case (a): Horizontal earth model
In this case the earth model is horizontally layered and the instru-

ment lays parallel to the ground. The instrument coils are all at the 
same height.

Case (b): Air-subsurface interface with respect to the instrument is not zero
This case (see Fig.  3) illustrates when one of the two 1D forward 

function assumptions is violated. Either the instrument coils are at 
equal height and the air-subsurface interface is not horizontal. Or the 
air-subsurface interface is horizontal, but the instrument is at non-zero 
pitch angle. These cases are equivalent geometrically, representing an 
angle of the instrument with the air-subsurface interface. We show in 
Fig.  4 the measurements corresponding to the instrument configuration 
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Fig. 3. Illustration of four possible configurations of instrument geometry with respect to subsurface geometry. Case (a): Horizontally layered earth, instrument 
coils at the same height. Case (b): Air-subsurface interface with respect to the rigid-boom axis is not zero. Case (c): Dipping air-subsurface interface, instrument 
parallel. Case (d): Dipping second interface, rigid boom axis horizontal.
Fig. 4. Case (b): Effect on the measurements due to pitch angle for offset 8 m. The first and third columns show the measurements and the second and fourth 
columns show the respective differences with a 0◦ pitch.
at 8 m offset, for a wide range of homogeneous half-spaces with increas-
ing degrees of angle between instrument and air-subsurface interface. 
In the figure it is clear that the measurements are distorted with increas-
ing pitch angle. The quadrature values of VCP and in-phase values of the 
PRP geometry are the most affected and differ largely with increasing 
pitch angle in all offsets and electrical conductivities of the halfspace. 
These results suggest that, if the rigid boom is positioned horizontally, 
the dip of the air-surface interface creates distortions of more than 
5% in the measurements with only 2◦ dip. This effect worsens with 
increasing offset. It is possible that these measurement distortions will 
negatively impact the estimation of electrical conductivity models. The 
results for the remaining offsets are presented in the Supplementary 
Material (Carrizo Mascarell et al., 2025).
4 
Case (c): Dipping air-subsurface interface
In case (c) we show the influence on the FDEM measurements of 

breakdown of both 1D forward function assumptions: the air-subsurface 
interface is not horizontal, and the instrument lies parallel to this 
interface, thus, the instrument coils are not at equal height. In Fig.  5 
the measurement deformations due to the violation of both assumptions 
are plotted for a range of different electrical conductivity halfspaces at 
8 m offset. It is clear that for increasing dip angle the measurement 
is increasingly distorted. The VCP quadrature and the VCP and PRP in-
phase components show the largest deviations with only 2–3◦ of dip, 
in similar manner to case (b). The results for the remaining offsets 
are presented in the Supplementary Material (Carrizo Mascarell et al., 
2025).
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Fig. 5. Case (c): Effect of dipping topography for the coils at 8 m offset. The left column shows the measurements. The right columns presents the measurement 
difference percentage.
Case (d): Dip of the second interface
In case (d) the subsurface geometry causes the breakdown of the 

first 1D assumption for a 2-layered model, since the interface between 
the first layer and the second layer is not horizontal. We show the 
results for eight 2-layered models presented in Table  1 with different 
electrical conductivity contrasts. The upper conductive cases results 
are presented in Fig.  6 and the upper resistive cases are shown in 
Fig.  7. Overall, for the upper conductive and upper resistive cases the 
measurement distortions are similar for different electrical conductivity 
contrasts. For all the upper conductive cases, the VCP in-phase measure-
ments are the most affected. However, for the upper resistive cases, 
the PRP in-phase measurements are highly distorted (more than 20% of 
difference) with only 2–3◦ of dip in the second interface.
5 
5. Robustness of the inversion methods

In the previous section, we showed how the FDEM measurements 
are quite rapidly distorted with the breakdown of the 1D forward 
function assumptions in the presence of variations of not-horizontally 
layered geometry (even with only 2–3◦ of difference), or due to the 
instrument pitch. In this section, we will test how these distortions 
affect the PWI and LCI results, in noise-free conditions. We present 
examples for two-layered earth models, for a horizontally layered earth 
and modelled with the instrument configuration presented in 1, with 
all coils at the same height. It is important to mention that using a 
2-layered model parameterization substantially constrains the solution 
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Fig. 6. Case (d): Measurement distortion for a dipping second interface for upper conductive 2-layered models. Top row: Quadrature measurements. Bottom row:
In-Phase measurements.
Fig. 7. Case (d): Measurement distortion for a dipping second interface for upper resistive 2-layered models. Top row: Quadrature measurements. Bottom row:
In-Phase measurements.
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space, and thus limits the capability of the inversion method to ex-
plain the data. We also show a single case with added noise to the 
measurements to illustrate their impact in the inversion methods.

First, we apply the method for numerical 2.5D models (3D models 
where the third dimension projects the 2D model) and 3D models. 
Afterwards, we test the methods in a field case. Example 0 is a base case 
where the measurements are calculated using 1D forward modelling. In 
the following numerical examples, the measurements were simulated 
using 3D forward modelling. Examples 1 to 3 are 2.5D models (where 
the third dimension is a projection of a 2D cross-section). Examples 
4 and 5 are 3D models, with variations in the electrical conductivity 
distributions in 3 dimensions.

Example 0. 1D forward modelled measurements
In this case, we show the results of the PWI and LCI methods for 

Model 4 in Table  1 for the upper conductive contrast. This case is shown 
as a base result to demonstrate the capabilities of the inversion methods 
when the measurements 1D assumptions are not broken. The estimation 
results are presented in Fig.  8. The data fit is presented in Fig.  9. It is 
clear that the fit of the models is very accurate. The measurements are 
reproduced with less than 1% error. The measurements are shown in 
ppt notation, representing parts per thousand.
 r

6 
Table 1
Electrical conductivity (EC) distribution in 2-layered earth numerical cases.
 Model Upper conductive layer Upper resistive layer

Top EC 
[mS/m]

Bottom EC 
[mS/m]

Top EC 
[mS/m]

Bottom EC 
[mS/m]

 

1 200 20 20 200  
2 400 20 20 400  
3 800 20 20 800  
4 1600 20 20 1600  

xample 1. Fixed dip of the second interface
We applied both inversion methods to 2-layered models with differ-

nt electrical conductivity contrasts presented in Table  1 and increasing 
ip. The inversion results for two cases are presented in Figs.  10 and
2 (the results for all examples in Table  1 are provided in the Supple-
entary Material Carrizo Mascarell et al., 2025). The poor estimation 
f the lower layer, in the upper conductive cases, can be explained 
y the low sensitivity of the measurement to the resistive part of 
he subsurface. However, we also see erratic estimations from PWI 
or Models 3 and 4 for a 10◦ dip. In Fig.  11, we can see that the 
esponse of the PWI estimation does not differ more than 20% error 
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Fig. 8. Results of inversion methods for Model 4 using 1D forward modelled measurements.
Fig. 9. Measurements corresponding to the results of Fig.  8. The first, third and fifth column show the data values. The second, fourth and sixth column show 
the error. The black line represents the measurements of the true model using the 1D forward function. The red line corresponds to the 3D forward function. 
The blue and green lines correspond to the 1D forward function response of the LCI and PWI estimated models, respectively.
with respect to the true measurements. However, we observe a much 
larger difference (larger than 100% in some positions) between the true 
measurements, simulated in 3D, with respect to their respective 1D 
forward modelled measurements, especially for the 8 m offset. With 
the PWI, the measurement distortions in this case negatively affect the 
possibilities of obtaining accurate estimations.

On the other hand, the results provided by both the PWI and LCI 
methods are similar in the upper resistive cases. In Fig.  13 the data 
fit for the upper resistive Model 4 for a 10◦ dip. In this case, we 
also observe that the 3D forward-modelled and 1D forward-modelled 
measurements differ significantly. This affects equally the LCI and PWI 
results, although not as strongly as in the upper conductive example.

A summary of the measurement errors for Model 1 in the upper 
resistive case is presented in Fig.  14. The figure shows that for increas-
ing dip values, for every coil configuration, the 1D forward modelled 
measurements increase their mean error, as well as the standard devi-
ation. This is also true for the responses calculated for the LCI and PWI 
estimates. In Fig.  15 we show the same analysis for Model 4, which has 
an increasing contrast between upper and lower layer conductivities. 
The mean error values are larger for these cases, since the conductivity 
also affects the estimations. Overall, for all cases the behaviour is 
similar, having increasing mean error values in the measurements with 
increasing dip angle for the interface between first and second layer.

With the intention of demonstrating the impact of noise in the result 
of the inversion methodologies, we estimate an example for Model 2 
in the upper conductive case. In Figs.  16 and 17 the resulting models 
for increasing Gaussian random noise percentages in the measurements 
are shown. As expected, the estimates RMSE values increase with 
7 
increasing noise in the measurements. It is clear that the LCI estimates 
show less spurious results, and the interface between first and second 
layer is better predicted.

In order to show the performance of the inversion methodologies 
in a complex 2-layered geological setting, where the subsurface is not 
nearly layered, we present an example in Fig.  18. Predictably, both 
inversion methodologies have inaccurate estimations. This is due to 
the fact that the measurements in these complex environments are 
not properly reproduced by the internal 1D forward modeller in the 
inversion schemes. Moreover, the LCI method holds constraints that 
assume a nearly layered geology, which is clearly not correct.

Example 2. Increasing dip of the second interface
In order to evaluate the effects of lateral variations in the LCI and 

PWI inversion methodologies, we introduced a numerical case, where 
the boundary between two electrical conductivity layers increasingly 
changes with distance, inspired on a similar analysis by Klose et al. 
(2022). The estimation results are shown in Fig.  19. We observe that the 
PWI estimated model shows a worsening of the estimation with increas-
ing lateral variation of the boundary, especially in the peaks. However, 
it reproduces, on average, the position of the boundary. On the other 
hand, the LCI shows a smoothed result that does not reproduce the 
boundary position of the peaks. These results indicate that lateral 
variations will affect the PWI and LCI estimations when assuming a 1D 
horizontally layered earth in the inversion forward function, as in this 
case. The data fit between the true measurements and the estimation 
responses are presented in Fig.  20. We can see how the measurements 
are increasingly different to the true 3D measurements. However, the 
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Fig. 10. Inversion results of 2-layered earth models with an upper conductive layer and a slope of 10◦ between positions X = 10 to X = 30. Upper row: True 
models. Second row: LCI estimated models. Fourth row: PWI estimated models. The third and fifth show the error percentage of the inversion results. In each 
model estimation, the RMSE of the model parameters is shown.
Fig. 11. Data fit results corresponding to Model 4 in Fig.  10. The first, third and fifth column show the data values. The second, fourth and sixth column show 
the error. The black line represents the measurements of the true model using the 1D forward function. The red line corresponds to the 3D forward function. 
The blue and green lines correspond to the 1D forward function response of the LCI and PWI estimated models, respectively. The blue and green shaded areas 
show the standard deviation of the LCI and PWI measurements errors, respectively.
difference between the 1D forward response of the model and the 3D 
measurements is even larger. Meaning the inversion methods try to 
8 
fit the 3D data, jeopardizing the accuracy of the estimations. These 
numerical examples assumed an earth model without topography, with 
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Fig. 12. Inversion results of 2-layered earth models with an upper resistive layer and a slope of 10◦ between positions X = 10 to X = 30.
Fig. 13. Data fit results corresponding to Model 4 in Fig.  12.
an air-surface interface at 𝑧 = 0, and the instrument lying parallel above 
the air-surface interface at a height ℎ𝑎 = 0.3 m.

Example 3. Increasing dip of the air-subsurface interface
To understand the effects of the dipping air-surface interface, we 

pose an instrument positioning case (Case (c) in Fig.  3) where we 
assume that the instrument is always parallel to the surface, with a 
height ℎ = 0.3 m from the interface. The geometry of the instrument 
𝑎

9 
changes as we follow the topography while measuring, as in Fig.  21. 
We designed a numerical example shown in Fig.  23, in which the 
topography variations increase laterally. It is important to stress that 
the topography’s maximum height is quite small (50 cm) and the 
figure aspect is exaggerated (∼300:2), the maximum dips are 4◦. The 
measurements are simulated using 3D forward modelling. In Fig.  22, 
we illustrate the positioning of the rigid boom in the simulated model.
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Fig. 14. Mean error values of the measurements for Model 1: Upper resistive case.

Fig. 15. Mean error values of the measurements for Model 1: Upper resistive case.

Fig. 16. Effects of noise in the measurements in the PWI inversion.
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Fig. 17. Effects of noise in the measurements in the LCI inversion.
Fig. 18. Estimation results of the inversion methods for a complex geological distribution.
Fig. 19. Results of inversion methods for an increasing dip of the second interface. Top: True model. Middle: LCI estimated model. Bottom: PWI estimated model. 
The dotted red line indicates the true position of the interface. RMSE values of the estimated model parameters is presented.
The results from PWI and LCI methods shown in Fig.  23 present 
increasingly worse estimations with increasing topography dip. We 
infer that this is due to the increasing pitch angle in the instrument 
geometry, and that the air-surface interface is not parallel to the rigid 
boom, violating the assumptions of the 1D forward model. Therefore, 
the 1D forward function used in the inversion methods is not able to ac-
curately represent the true model measurements. This is also shown by 
the inversion responses compared to the true measurements in Fig.  24. 
These results suggest that these gentle topography variations negatively 
impact the estimations when assuming an instrument parallel to the 
air-surface interface and a horizontally layered earth in the inversion 
methods.
11 
Example 4. Channel feature
In this numerical example, we present a 3D model of a 2-layered 

earth with a channel feature. The measurements were simulated using 
the 3D forward modeller previously mentioned. The model contains the 
channel feature in the upper layer along with channel bars at each side 
and river plains, with an electrical conductivity of 50 mS/m, 30 mS/m 
and 10 mS/m, respectively. The bottom layer electrical conductivity is 
100 mS/m. In Fig.  25, a map representation of the model parameters 
(𝜎1, 𝜎2, ℎ1) of the channel is presented, as well as the results of the LCI 
and PWI estimations. The maps show that PWI and LCI estimations are 
very similar in all parameters. The results of the estimations in cross-
section Y = 10 m is presented in Fig.  26. The resulting estimations 
show alike results for LCI and PWI inversion methodologies for the 
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Fig. 20. Measurements corresponding to the model in Fig.  19 for all coil configurations and measurement components. The difference percentage with 3D 
measurements is shown below each measurement.
Fig. 21. Scheme of data acquisition with topography. The midpoint is positioned 0.3 m above the air-subsurface interface. The instrument pitch follows the dip 
of the slope.
Fig. 22. Rigid boom position for positions at distance X = 340–370 m. Red star: transmitter position. Blue triangle: receiver position at 8 m offset. Dotted line: 
rigid boom. The midpoint of the boom is located 0.3 m above the air-surface interface. The instrument pitch angle is tangent to the slope. Due to the increasingly 
undulating topography and rigidity of the boom, there will be a larger vertical air-surface interface distance from the transmitter or receiver coil in some positions.
different cross-sections, presented in the Supplementary Material (Car-
rizo Mascarell et al., 2025). The higher inaccuracies are located in the 
transitions from channel bars to river plains, due to the effect in the 
measurements to lateral changes in the model parameters, which are 
also clear in the misfit between the 1D and 3D responses in Fig.  27 in 
these positions. The fit between the LCI and PWI estimated and true 
response is below 10% error.

Example 5. Channel feature with topography
This example presents the previous 3D channel feature in a soft 

valley topography, which is presented in Fig.  28. The computed mea-
surements were obtained using 3D forward modelling assuming the 
12 
instrument positioning parallel to the air-subsurface interface (as in 
Case (c)). The results of the PWI and LCI estimated models are pre-
sented in Figs.  29 and 30. In the maps and cross-section of the estimated 
models, it is clear that both PWI and LCI methods provide similar 
results for the model parameters. Both inversion methodologies are 
significantly affected by the topography effects in the measurements. 
The breakdown of the estimations with increasing topography is ob-
served in the worsening of the estimated models from crossline Y =
10 m to crossline Y = 30 m, due to the topography valley becoming 
narrower in that direction, and thus, larger dips. Moreover, comparing 
the responses misfits in Figs.  31 and 32 it is clear that in the Y =
30 m crossline, the difference between 1D forward-modelled and 3D 
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Fig. 23. Results of inversion methods for an increasing dip of the air-subsurface interface. Top: True model. Middle: LCI estimated model. Bottom: PWI estimated 
model. RMSE values of the estimated model parameters are presented.
Fig. 24. Measurements corresponding to the model in Fig.  23 for all coil configurations and measurement components. The difference percentage with 3D 
measurements is shown below each measurement.
forward-modelled responses increases largely. Neither the PWI or the 
LCI methods correspond accurately to the true responses.

Case study: Ackerdijkse plassen
We applied both inversion methods for FDEM data acquired in the 

natural monument Ackerdijkse Plassen, The Netherlands (see Fig.  33). 
This area shows a sandy channel deposit feature embedded in peat-
silt plains in satellite images and nearby borehole data. In this case, 
we used only the HCP and VCP coil geometries in the methodology. 
For offsets up to 4 m, the in-phase values are considered less accurate 
according to the FDEM instrument manufacturer so these were not 
included in the estimations (Taylor, 2023). The data was acquired hold-
ing the rigid-boom parallel to the topography dip, with the midpoint 
13 
at a fixed height from the air-subsurface. The topography of the area is 
shown in Fig.  34.

The acquired data was inverted using the PWI and LCI methodolo-
gies. Cross-sections and maps of the estimated models are shown in 
Figs.  35 and 36. From the cross-section results, we deduce that both 
inversion methods obtain similar electrical conductivity values of the 
layers and thickening of a channel feature in the centre area of the 
cross-sections. However, the LCI method presents a smoother estimated 
model, with transitional changes with respect to the thicknesses and 
electrical conductivities. We consider that this is an advantage of the 
LCI method since it provides more stable solutions with respect to 
the noise present in the data, which creates a laterally inconsistent 
estimated model in PWI results. In Figs.  37 and 38, the field measure-
ments and the estimated responses are compared. As expected, the 1D 
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Fig. 25. Maps of model parameters in Channel example. Top row: True model parameters. Second and fourth row: Maps of the LCI and PWI estimated model 
parameters. Third and fifth row: Maps of the difference percentage between true and estimated models. The position of cross sections is indicated with black 
lines.
forward-modelled responses differ from the true measurements, which 
were acquired by infringing the assumptions.

The resulting responses reproduce the HCP and VCP, both 2 m and 
4 m coil separation quadrature measurements. However, they do not 
reproduce the field measurements in the HCP quadrature at 8 m offset 
coil geometry. It is difficult to determine the reason, which could be due 
to 3D variations of the electrical conductivity or additional layers not 
14 
considered in the parameterization of the inverse problem. The in-phase
responses are reproduced with errors from 10%–20%. We know that 
some distortions caused by the dipping topography and the instrument 
pitch are being propagated into the estimation of the model. However, 
since the distribution of electrical conductivity in the area is not known 
with certainty it is difficult to quantify the exact influence of breaking 
the 1D forward modelling assumptions in this case.
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Fig. 26. Inversion results at crossline Y = 10 m from channel feature example. 
Top row: True model. Second and fourth row: LCI and PWI estimated models. 
Third and fifth row: difference percentage between true and estimated model.

6. Discussion of results

In Section 4, we presented several examples where the assumptions 
of the 1D forward function are violated. Cases (b) and (c) show that the 
pitch angle of the instrument and topographical variations can notably 
affect the measurements in both quadrature and in-phase components, 
particularly in the VCP quadrature and PRP in-phase parts. Furthermore, 
case (d) showed that the dip of the second interface also impacts the 
measurements, especially the VCP and PRP in-phase parts. In cases (c) 
and (d), it is clear from Figs.  5–7, that the in-phase component is the 
most affected by the breakdown of the 1D forward function.

To determine how far these measurement distortions affect the 
model estimations, we applied the PWI and LCI methods to several 
numerical examples shown in Section 5. Although the results of case 
(d) show large distortions in the in-phase measurements for all the 
model contrasts, the estimation results of both PWI and LCI methods 
in example 1 are sufficient to solve 2-layered earth models accurately. 
This is true when measurements are acquired without topography, 
the assumption of instrument positioning parallel to the air-surface 
interface holds, and the second interface dip is not greater than 7.5◦. 
This is also clear in example 2, where with increasing dip of the second 
interface, the inversion results worsen. The LCI methodology presents 
little to no advantage with respect to estimation accuracy. In Fig.  19, 
the results show that both PWI and LCI are affected by the effects of 2D 
lateral variability. While the PWI can overall estimate the position of 
the first layer thickness, the results also present spurious estimations. 
On the other hand, while LCI does not resolve properly the first layer 
thickness, it provides smooth and more stable electrical conductivity 
estimations.

From the results in Fig.  4, we observe that in a data acquisi-
tion scheme where the instrument is held horizontally, a dipping air-
subsurface interface at an angle greater than 2◦ can distort the measure-
ments in all coil configurations and components. This is also demon-
strated by both the results of PWI and LCI in example 3 (Fig.  23), 
where the inversion results worsen with increasing undulation of the 
15 
air-subsurface interface. The PWI results show poor first-layer thickness 
estimations, even with slight topography variations, and worsening 
in the electrical conductivities as the dip increases. Moreover, LCI 
provides a better first-layer thickness estimation but, like PWI, exhibits 
declining accuracy in electrical conductivity values with increasing dip.

Examples 4 and 5, which include a 3D channel feature, also illus-
trate very clearly the effect of a dip in the topography. In example 4, 
where there is no topography influence, the PWI and LCI estimations 
and responses did not diverge significantly from the true values. The 
largest errors were only present where there were lateral conductivity 
variations. However, in example 5, imposing on the model a very soft 
topography made the measurements diverge significantly, causing poor 
results of the model estimations. Comparing all the geometry cases and 
their error propagation in the numerical examples, we consider that 
case (c) shows the largest impact. The breakdown of both assump-
tions creates distortions larger than 10% with only 2◦ dip in all the 
coil configuration in-phase measurements and in the VCP quadrature
measurement, which increased with the resistivity of the halfspace.

The resulting estimations of the case study are quite similar for both 
PWI and LCI methods in terms of electrical conductivity values. In both, 
the channel feature can be observed in the first layer. The thickness of 
the first layer varies smoothly in the LCI results. We presume that the 
spiky nature of the thickness of the first layer for the PWI estimated 
model can result from noise in the data. We consider that LCI can be 
used to obtain smoother estimations of the model parameters when 
noise is present in the data, which is very common in field cases. 
Nonetheless, we must be careful with the geological setting where this 
algorithm is applied since LCI assumes that lateral variations of the 
parameters are smooth.

In this case study, it is not possible to determine whether the 
discrepancies between the PWI and LCI responses and the true measure-
ments arise from topographic variations or from other factors, such as 
noise. It is also likely that the imposed 2-layer model parameterization 
does not accurately represent the complexity of a three-dimensional 
earth. Consequently, we cannot quantify the influence of topography 
and pitch angle on the measurements, nor assess the extent to which 
these factors affected the model estimations. Even so, the numerical 
examples showed that there must be errors in the estimations due 
to the presence of topography and holding the instrument parallel to 
the dipping ground surface. Both PWI and LCI estimations are likely 
not reproducing the true distribution, partly due to the measurement 
distortions.

This analysis demonstrates that while both PWI and LCI can pro-
vide reasonable estimations, under ideal acquisition conditions, their 
accuracy decreases significantly when measurements are affected by 
topography, pitch angle, or subsurface complexity. Relying on 1D 
forward functions in the presence of 3D effects not only amplifies errors 
in the estimations but also increases the potential non-uniqueness of 
the inversion problem. These observations highlight the importance of 
accounting for acquisition geometry and geological complexity when 
interpreting inversion results. Future work should focus on integrating 
topographic and orientation corrections directly into the inversion 
process or developing approaches that introduce the acquisition and 
geological geometry.

7. Conclusions

The analysis demonstrates that deviations from the 1D forward 
modelling assumptions, particularly instrument tilt, topographic un-
dulations, and layer dips, can significantly distort frequency domain 
electromagnetic induction measurements, with the severity increas-
ing as these factors become more pronounced. These deviations are 
propagated into the inversion results. Both piecewise and laterally 
constrained inversion methods can produce accurate results for flat 
topography, gentle slope 2-layered earth models, but their performance 
deteriorates in the presence of topography (larger than 2◦) or drastic 
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Fig. 27. Measurements corresponding to the estimated models presented in Fig.  26. 3D Channel feature example.
Fig. 28. Topography map of a valley for the numerical example of a 3D 
Channel.

lateral conductivity variations. Piecewise inversion tends to estimate 
first-layer thickness more precisely but suffers from spurious or spiky 
outputs in the presence of measurement distortions or noise. On the 
other hand, laterally constrained inversion produces smoother and 
more stable conductivity estimates, especially in noisy data, although 
with reduced thickness accuracy. Neither method fully compensates for 
strong 2D/3D effects, and the reliability of both depends heavily on the 
geological setting and acquisition conditions. Therefore, care must be 
taken to assess the assumptions considered before applying these inver-
sion approaches to real-world surveys. It is possible that for strongly 
3D varying geological settings, topography/pitch-angle corrections or 
a 2D/3D inversion methodology should be used. The findings show 
the importance of developing realistic yet computationally efficient 
forward modelling and inversion methods that can account for complex 
16 
acquisition conditions in frequency-domain electromagnetic induction 
surveys.

CRediT authorship contribution statement

Maria Carrizo Mascarell: Writing – original draft, Visualization, 
Methodology, Investigation, Conceptualization. Dieter Werthmüller: 
Writing – review & editing, Supervision, Software. Evert Slob: Writing 
– review & editing, Supervision, Methodology, Funding acquisition, 
Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests: 
Evert Slob reports financial support was provided by WarmingUP. 
If there are other authors, they declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

Acknowledgments

This project was carried out as part of the WarmingUP Innova-
tion Plan, made possible partially by a subsidy from the Rijksdienst 
voor Ondernemend Nederland (RVO) in the context of the Meerjarige 
Missiegedreven Innovatie Programma’s (MMIP) subsidy scheme (RVO 
project number TEUE819001).

Data availability

Data will be made available on request.



M.C. Mascarell et al.

Fig. 29. Maps of model parameters for the 3D channel example with topography. The position of the cross-sections is indicated with a black line.

Journal of Applied Geophysics 247 (2026) 106130 

17 



M.C. Mascarell et al.

Fig. 30. Inversion results at two cross-sections for a 3D channel feature in a valley topography. The cross-section at Y = 10 m presents better results than the 
cross-section at Y = 30 m, where the valley is narrower and the dips are larger.

Fig. 31. Measurements corresponding to the estimated models of cross-section Y = 10 m presented in Fig.  30. 3D Channel feature with topography example.
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Fig. 32. Measurements corresponding to the estimated models of cross-section Y = 10 m presented in Fig.  30. 3D Channel feature with topography example.

Fig. 33. Left: Map of the Rotterdam — The Hague area, Ackerdijkse Plassen natural monument marked with red dot. Right: FDEM measurements and position 
of cross-sections.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 34. Topography map of the Field study area.
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Fig. 35. Left: Cross-sections of the models estimated with PWI. Right: Cross-sections of the models estimated with LCI. RMSE values of the estimated responses 
are presented. The positions of these cross-sections are shown in Fig.  33.

Fig. 36. Top: Maps of model parameters estimated with PWI. Bottom: Maps of model parameters estimated with LCI. The results show similar estimations overall 
with both inversion methods.
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Fig. 37. Data fit of the inversion results of Line 1 in Fig.  35. Red line: Field measurements. Blue dashed line: LCI response. Green dashed line: PWI response.
Fig. 38. Data fit of the inversion results of Line 3 in Fig.  35. Red line: Field measurements. Blue dashed line: LCI response. Green dashed line: PWI response.
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