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Summary 
 
In agriculture, there is a demand for new methods to monitor the dynamics of fresh rainwater lenses 

overlaying on saline seeping groundwater. For this purpose, integrating different geoelectrical 

measurements is a non-invasive and low-cost approach to obtaining subsurface information. 

Geoelectric methods such as electromagnetic induction (EMI) and electrical resistivity tomography 

(ERT) have proven effective in characterizing subsoil electrical properties, which can be correlated to 

petrophysical properties such as fluid salinity. These methods have different sensitivities and can 

provide complementary information about the electrical conductivity and geometry of the subsurface. 

This study explores the effectiveness of a methodology that combines EMI measurements with 

laterally constrained inversion as prior information for ERT inversion. We investigate the usefulness 

of the method using synthetic data and data from a coastal Dutch polder system. The findings are 

promising, demonstrating improved delineation of changes in electrical conductivity, potentially 

linked with salinity fluctuations in the subsoil. This methodology proves effective in mapping in-depth 

variations in electrical conductivity. It could facilitate the impact assessment of level-controlled 

drainage systems on augmenting shallow rainwater lenses and mitigating salinization in Dutch 

polders. 



Integrating electromagnetic induction measurements and electrical resistivity tomography to mon-
itor rainwater lenses in Dutch polders.

Introduction

The basic Electromagnetic Induction (EMI) instrument consists of a transmitter coil and a receiver coil.
An alternating current flowing in the transmitter coil generates a primary electromagnetic field. Accord-
ing to Faraday’s law, an oscillating primary electromagnetic field creates eddy currents in conductive
bodies. These eddy currents induce a secondary electromagnetic field, which can be measured by the
receiver loop at the surface. The primary and secondary electromagnetic field fluxes go through the
receiver coil inducing a voltage measured by the instrument. This measurement can provide informa-
tion about the subsurface geometry and geoelectrical properties (Kearey et al., 2002). Apart from the
subsurface conductivity, the strength of the secondary electromagnetic field depends on the transmitter-
receiver coil configuration and the operating frequency. The measured electromagnetic field is a complex
quantity expressed as in-phase (real part) and quadrature (imaginary part) components.

EMI instruments are commonly used to estimate the electrical conductivity of the shallow subsurface
for hydrogeological studies (Paz et al., 2024; Paepen et al., 2020). The EMI measurements are useful
for mapping variations related to the petrophysical properties of the water contained in the soil, such
as salinity. A common method to invert this data is the laterally constrained inversion (LCI) proposed
by Auken and Christiansen (2004), used previously in EMI inversion (Klose et al., 2022; Thalhammer,
2022). The inversion of geoelectric methods can be carried out separately or jointly, allowing interpreters
to derive a conceptual model that validates the changes in the geology as well as other physical properties
(Paz et al., 2024; Paepen et al., 2020). In this study, we investigate the integration of EMI and Electrical
Resistivity Tomography (ERT) methods. Both measure the electrical conductivity of the subsurface,
however, they have different sensitivities. The EMI method is more sensitive to conductive bodies
but can have problems resolving resistive zones, whereas the ERT method can image conductive and
resistive variations. Moreover, the EMI method is less expensive and easier to collect the data, which
seems a great way to provide additional information. The exploration depth in both methods differs but
they can complement each other.

Within the Dutch polders, groundwater has become brackish or saline due to seawater intrusion and
marine transgressions (Stofberg et al., 2017). This saline groundwater flows upward, driven by a regional
hydraulic gradient to the surface, thereby obstructing deeper infiltration of fresh rainwater. This results
in the formation of thin and shallow rainwater lenses (RWLs), which take a buoyant and lenticular shape
atop saline groundwater (Louw et al., 2013). To combat the salinization issue in these deltaic areas,
level-controlled drainage (LCD) is designed to enhance the thickness of these RWLs during the autumn
and winter. This is achieved by storing fresh rainwater in the soil and preserving any surplus that is
pretreated in the underlying aquifer using the Aquifer Storage and Recovery (ASR) technique. During
the crop-growing season, from spring to summer, the same subsurface drainage system is utilized for
sub-irrigation using ASR water as an external water supply. We investigate the potential of using an
integrated approach for EMI LCI and ERT inversion to map fresh-saline groundwater dynamics. Our
study includes a synthetic example and a case study in a coastal Dutch polder system.

Methodology

We carry out the EMI inversion using the LCI method. An LCI produces a simultaneous inversion of
adjacent sounding locations to obtain quasi-layered subsurface models. As first introduced by Auken
and Christiansen (2004), the 1D-LCI scheme produces pseudo-2D models from 1D soundings using a
set of laterally constrained calculations. 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 by regularizing the inverse problem by constraining neighboring model parameters (Auken and
Christiansen, 2004). The objective function is expressed as:

Φm = ∥WD( f (m)−d)∥2
2 +λ∥RCR(m−mref)∥2

2 → min, (1)
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Table 1 Instruments configuration for simulation and acquisition
EMI Survey ERT survey

Coil geometry: HCP, PRP Array configuration: Dipole - Dipole
HCP offsets: 2m, 4m, 8m. PRP offsets: 2.1m, 4.1, 8.1m 72 electrodes

Frequency: 9000 Hz, Height: 0.1m Start: 0m, End: 36m, Spacing: 0.5m

where WD represents the data weighting matrix, CR is the constraint weighting matrix and λ is the reg-
ularization parameter. The model parameters m = [σ1,σ2,h1] are the resistivities σ and thicknesses h of
a 2-layered model. The forward response f (m) and its derivatives for the Jacobian matrix are computed
using the open-source Python implementation proposed by Werthmüller (2017). The roughening matrix
R applies the lateral constraints as:

Rδm = δr+ er, (2)

where er represents the error on the constraints, δr the identity between parameters linked by constraints,
and δm = m−mref. The roughening matrix R is sparse, containing only diagonals of 1 and -1 for the
constrained model parameters (as in Equation 3). 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

 . (3)

The objective function in Equation 1 is minimized in a Gauss-Newton scheme (executed using the open-
source Python method by Rücker et al. (2017)). The model vector m is updated iteratively following:

mk+1 = mk + τ
k
∆mk, (4)

using a linear search parameter τ , the superscript k indicates the iteration number. The model update is
calculated by:

∆mk = ([ℜ[G†CdG]+RCm)
−1(ℜ[GT Cdδd∗]+λRCmδm), (5)

where † indicates the complex conjugate transpose and the symbol ∗ indicates complex conjugation.
We propose the following steps to use the information provided by the EMI measurements and to further
enhance the results of the ERT inversion:
1. Perform the LCI of EMI measurements.
2. Use the resulting thickness of the first layer as a constraint in the mesh of the ERT inversion.
3. Perform the inversion of ERT measurements using the resulting mesh from the previous step.

Synthetic example

We apply our proposed workflow in a numerical example with two layers, an upper resistive layer and
a lower conductive layer (see Subfigure 1a). The simulated EMI and ERT data corresponds to a survey
geometry given in Table 1. The results of the LCI of EMI measurements are presented in Subfigure
1b. The estimated model accurately reproduces the conductivities of the two layers and the thickness of
the first layer. In Subfigure 1c the results of the ERT inversion are shown. The estimated model from
the ERT inversion gradually increases resistivity values with depth, where it is difficult to define a clear
boundary between the upper and lower layers. However, it solves very accurately the resistive upper
body. In Subfigure 1d the integrated result of ERT inversion using the upper layer thickness from the
EMI LCI is presented. The result of this approach shows a better match with the true model and the
sharp change in electrical conductivity is more closely reproduced. The ERT data fit improves as well.

Case study

The study area is located on a coastal Dutch polder system in De Cocksdorp, The Netherlands where
a level-controlled drainage and subirrigation system has been implemented to retain and better manage
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a) b)

c) d)

Figure 1 a) True model, b) 2-layered model estimated using LCI EMI, c) Resistivity model from ERT
inversion, d) Resistivity model from ERT inversion using boundary from LCI EMI inversion

Transect 1

Transect 2

Transect 3

Transect 4

Figure 2 Left: Area of data acquisition (De Cocksdorp, The Netherlands), Right: EMI LCI estimated
2D model from transect 1

rainwater. Using the array configurations from Table 1 we acquired 4 transects of EMI and ERT mea-
surements in the area. The results from the EMI LCI in the first transect are shown in Figure 2. The
resulting model shows an upper resistive layer presumably containing unsaturated soil or soil saturated
with fresher water with an approximate thickness of 3m. The upper layer lies above a lower conduc-
tive layer perhaps saturated with brackish/saline water. The ERT corresponding transect is inverted and
shown in Figure 3, it presents a smooth transition from a shallow resistive soil to more conductive soil
with depth. The thickness of the first layer provided by the EMI LCI estimated model is used as a
constraint in the ERT inversion mesh. The resulting ERT + EMI prior information inversion produces
a model with a sharper change between the upper resistive and the lower conductive bodies and closer
to the estimated EMI LCI conductivity model. The ERT inverted data fit improves when using the con-
strained mesh. This suggests that using EMI LCI information helps the ERT inversion find a solution
closer to the true electrical resistivity distribution of the subsurface.

Conclusions and future work

We investigated the feasibility of using EMI LCI estimated models as prior information in ERT inversion
meshes to characterize the changes between an upper resistive soil layer and a lower conductive soil
layer. Our methodology was applied to both a synthetic case and a field case study. In the synthetic case,
the EMI LCI models are accurately inverted, allowing for better appraisal of the electrical conductivity
variations in the ERT inversion. Similarly, in the field case study, incorporating EMI LCI information
into the ERT inversion resulted in an estimated model of subsoil resistivity with a sharper delineation
of a possible saline groundwater layer, when compared to an ERT inversion without information from
EMI measurements. In future work, we aim to acquire repeated EMI and ERT data to assess changes in
electrical conductivity over time, influenced by LCD. Additionally, we will measure soil moisture and
salinity to evaluate the accuracy of these methods. The approach presented in this study could facilitate
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Figure 3 Top left: ERT inversion results, Top Right: ERT inversion results with EMI boundary in mesh.
Bottom left: Data fit from ERT inversion. Bottom right: Data fit from ERT + EMI inversion

both temporal and spatial monitoring of LCD’s impact on RWLs. Furthermore, it could be incorporated
into variable-density groundwater numerical models simulating the operation of LCD systems and their
impact on the dynamics of RWLs.
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