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Abstract. Monitoring soil structure is of paramount importance due to its key role in the critical zone as the
foundation of terrestrial life. Variations in the arrangement of soil components significantly influence its hydro-
mechanical properties and therefore its impact on the surrounding ecosystem. In this context, soil compaction
resulting from inappropriate agricultural practices not only affects soil ecological functions, but also decreases
the water-use efficiency of plants by reducing porosity and increasing water loss through superficial runoff and
enhanced evaporation.

In this study, we compared the ability of electric and electromagnetic geophysical methods, i.e., electrical re-
sistivity tomography (ERT) and frequency-domain electromagnetic (FDEM) method, to assess the effects caused
by both heavy plastic soil deformations generated by a super-heavy vehicle and the more common tractor tram-
lines on silty-loam soils. We then tested correlations between geophysical response and soil variables (i.e., pen-
etration resistance, bulk density, and volumetric water content on collected samples) at different homogeneous
areas defined by k-means clustering.

This work is intended to be a contribution to clarify expectations about the use of geophysical techniques to
rapidly investigate soil compaction at various spatial scales, dissecting their suitability and limitations. It also
aims to contribute to the methodological optimization of agrogeophysical acquisitions and data processing in
order to obtain accurate soil models through a non-invasive approach. Electrical prospecting has finer spatial res-
olution and allows a tomographic approach, requiring higher logistic demands and the need for ground galvanic
contact. On the other hand, contactless electromagnetic induction methods can be quickly used to define the
distribution of electrical conductivity in the shallow subsoil in an easier way. In general, compacted soil portions
are imaged as high-electrical-conductivity anomalies relative to the context. Results, validated with traditional
soil characterization, show the pros and cons of both techniques and how differences in their spatial resolution
heavily influence the ability to characterize compacted areas with good confidence.

1 Introduction

Soil is the foundation of terrestrial life, and its structure and
dynamics result from the intertwining of biotic and abiotic
factors, as well as the preponderance of human action. Re-
cent developments in sensing technology, analysis methods,
and data interpretation have paved the way for innovative ap-
proaches aimed at characterizing and safeguarding a wide
spectrum of soil-based ecosystem services. Over the past

decades, digital soil mapping has emerged as a transforma-
tive approach in soil science (McBratney et al., 2003), with
the goal of enhancing our understanding of soil properties,
state variables, agricultural processes, and moisture dynam-
ics. The accessibility and affordability of ground-based and
aerial sensor instruments have markedly improved, bring-
ing high-resolution spatial–temporal data in support of tra-
ditional labor-intensive sampling techniques. Proximal and
remote sensing techniques commonly rely on the use of in-
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struments which can measure different portions of the elec-
tromagnetic spectrum, improving the understanding of pro-
cesses governing the soil–plant–atmosphere continuum (Vis-
carra Rossel et al., 2011; Mulder et al., 2011). Software
and hardware, mostly of a non-invasive nature, are contin-
uously optimized for agronomic applications and also pro-
gressively deployed through airborne and uncrewed vehicles
(von Hebel et al., 2021).

Applied geophysics plays a key role in this context, and
its use has become increasingly assiduous (Romero-Ruiz et
al., 2018; Garré et al., 2021). The preponderant methods em-
ployed here are based on the electrical properties of soil
materials, which manifest main concomitant variations as
the volumetric content and salinity of porous fluids change
(Vereecken et al., 2007; Binley et al., 2015).

The frequency-domain electromagnetic (FDEM) method
can be considered the cornerstone of electromagnetic sen-
sors optimized for soil applications due to their fast lo-
gistics and user-friendliness (Doolittle and Brevik, 2014;
Hanssens et al., 2019). By inducing electromagnetic fields
underground and analyzing their interaction with the soil,
this technique allows the electrical conductivity (EC) of large
areas to be mapped non-invasively in short times (Boaga,
2017). This approach, especially if repeated over time, offers
multifaceted advantages in the agronomic world, empower-
ing farmers with information critical for precision agriculture
practices (Corwin and Lesch, 2003; Lück et al., 2009). High-
resolution soil variability and EC-derived moisture content
and dynamics across the field allow us to implement preci-
sion irrigation strategies, tailoring water application to the
specific moisture needs of different areas (Fortes et al., 2015;
Serrano et al., 2020). However, while its application is rel-
atively simple and quick, the FDEM method suffers from
lower resolution than an in situ tomographic approach (e.g.,
electrical resistivity tomography, ERT; Lavoué et al., 2010;
Von Hebel et al., 2014; Busato et al., 2019; Bernatek-Jakiel
and Kondracka, 2022), and therefore detailed and more im-
perceptible spatial heterogeneities can escape at both the
areal scale and especially the depth scale.

Electrical resistivity tomography has become a ubiquitous
instrument in agricultural research due to its inherent robust-
ness and demonstrated adaptability across a spectrum of ap-
plications and spatial scales (Garré et al., 2012; Cassiani et
al., 2015; Mary et al., 2018; Blanchy et al., 2020b; Carrera
et al., 2022). Surveys are conducted through multi-electrode
devices to capture the spatial distribution of electrical resis-
tivity in the subsurface, thereby facilitating the generation of
comprehensive 2D and 3D models.

Soil EC is often used in the characterization of soil prop-
erties such as water content and salinity (Friedman, 2005a;
Huang et al., 2017; Brevik et al., 2006), texture (Morari et
al., 2009; Hanssens et al., 2019; Hubbard et al., 2021), and
soil nutrients and organic content (Heiniger et al., 2003; Mar-
tinez et al., 2009) but also direct targeted sampling for de-
tailed studies (Longo et al., 2020). Correlations between EC

and soil properties, such as bulk density, porosity, and shear
strength, are also used to identify soil compaction at the lab-
oratory (Seladji et al., 2010) and field scales (Pentoś et al.,
2021; Ren et al., 2022).

Soil compaction is a tangible manifestation of soil degra-
dation. Heavy field traffic breaks down soil aggregates, al-
tering the structure, limiting water and air infiltration, and
reducing root penetration (Berisso et al., 2012; Schjønning
et al., 2019). In recent years, modern agricultural machin-
ery has increased considerably in size, and with it so has
the compaction phenomenon (Raper, 2005; Nawaz et al.,
2012). Its side effects have a significant impact on the soil
ecosystem, particularly on hydrological regulation (i.e., sur-
face runoff and reduced infiltration) and agronomic produc-
tion (i.e., decreased yields), resulting in significant ecologi-
cal and economic damage to the entire society (Bronick and
Lal, 2004; Hamza and Anderson, 2005). Therefore, a correct
understanding of the processes involved in soil compaction,
as well as identification, and characterization, is necessary
for prevention and to address future global challenges of sus-
tainability and food security. This raises questions about the
ability of geophysical methods to quantify the soil structure
dynamics – including compaction – over space and time. Soil
compaction exhibits highly spatial–temporal variability, de-
pending on factors such as intensity and distribution of ma-
chinery traffic and/or the implementation of tillage practices
(Alaoui and Diserens, 2018; Piccoli et al., 2022). Conse-
quently, studying and mapping soil compaction with geo-
physical techniques also remains a challenge. Field evidence
(Garciá-Tomillo et al., 2018; Mansourian et al., 2023) and
modeling approaches (Romero-Ruiz et al., 2022) identify the
compaction signature with increased EC. However, there is
little exploration of resolution and sensitivity aspects of the
techniques used, which in fact form the basis of all subse-
quent studies dealing with the acquired data.

In this work, we present the application of electrical
(ERT) and electromagnetic (FDEM) geophysics, quantita-
tively integrated with traditional soil characterization tech-
niques (i.e., penetration resistance, bulk density, and volu-
metric water content on collected samples) for the assess-
ment of soil surface compaction (up to 0.4 m). The survey
was conducted both at the areal level, covering 1.5 ha, and
on detailed transects. This combination of measurements ex-
plores the importance of the survey design on the sensitiv-
ity of the method to soil compaction, as well as the 2D and
3D spatial heterogeneity that is often difficult to image us-
ing punctual information only. The study aims at (a) com-
paring the ability of ERT and FDEM to identify soil com-
paction, (b) quantifying the degree of compaction and its
hydro-geophysical consequences caused by a common trac-
tor and a hyper-heavy machine in a typical clayey soil, and
(c) contributing towards the methodological optimization of
agrogeophysical acquisitions and data processing, in order to
obtain accurate soil models through a non-invasive approach.
Results, validated with direct information, show the different
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Figure 1. (a) Site location and (b) experimental field with traffic
pattern and survey design (small black dots: TDR (time-domain re-
flectometry) measurement; blue dots: samples; bright purple lines:
ERT and FDEM transects). (c) Zoomed inset of transect orientation
and sample position for all four detailed surveys.

ability of FDEM and ERT techniques to characterize com-
pacted areas with good confidence, focusing on technical as-
pects and their spatial resolution.

2 Material and methods

2.1 Site description

The experiment was conducted in 2021 at the University of
Padua’s experimental farm “Lucio Toniolo”, located in Leg-
naro, northeastern Italy (45°21′ N, 11°57′ E; Fig. 1a). The in-
vestigation area presents a Fluvi-Calcaric Cambisol soil type
(Anjos et al., 2014), characterized as a silt-loam soil with
poor stratification and modest inherent fertility due to its lim-
ited organic carbon content (about 8–10 g kg−1 within the
0–0.2 m layer, declining to 0.5 g kg−1 at 0.6–0.9 m) and low
cation exchange capacity (< 20 cmol kg−1).

The experiment was carried out in a bare soil area that is
60 m wide and 240 m long, for a total of 1500 m2 (Fig. 1b). In
the past 60 years the field was used for arable cropping fol-
lowing conventional agricultural practices, which involved a

moldboard plow at 0.3 m depth and disk harrowing before
seeding. The main crops were maize (Zea mays L.), win-
ter wheat (Triticum aestivum L.), soybean (Glycine max (L.)
Merr.), sugar beet (Beta vulgaris L.), and Italian ryegrass
(Lolium multiflorum Lam.). The soil was tilled as described
above and then seeded (22 and 23 April 2021), either conven-
tionally or by precision seeding. The vehicle used for com-
mon field works was a Fiat 680H of 2.8 t, while a precision
seeding trial was performed with a Lemken Azurit 10 seed
drill of 1.5 t mounted on a Fendt 718 tractor of around 8 t
with frontally attached a localized fertilization system, total-
ing about 11 t. Each precision sowing event was performed
with a single passage through the sowing steps highlighted
in Fig. 1b. Data acquisition (fall season 2021) is described in
detail in the following sections.

2.2 Frequency-domain electromagnetic method

The frequency-domain electromagnetic method utilizes time
variations in electromagnetic fields at relatively low fre-
quencies (∼ 1–100 kHz), and its functioning principle re-
lies upon classical electromagnetic induction theory (Mc-
Neill, 1980; Deidda et al., 2014). Electromagnetic induction
(EMI) instruments measure the interaction between an in-
duced primary electromagnetic field and the resultant sec-
ondary electromagnetic field. During the measurement pro-
cess, the transmitter coil emits a primary time-varying elec-
tromagnetic field (Hp) that induces eddy currents increasing
with increasing ground EC. This complex network of eddy
currents induces a secondary electromagnetic field (Hs),
which is jointly sensed by the receiver coils. From these mea-
surements, an apparent electrical conductivity (ECa) can be
derived. Raw electrical conductivity values acquired through
EMI surveys are apparent since they represent integrated val-
ues over depth. By varying the coil spacing or orientation,
various subsurface depths can be obtained (Blanchy et al.,
2024). Inverse methods need to be used to convert the ECa
(as a function of either frequency or coil setup) to a depth
profile of true EC (Von Hebel et al., 2019; McLachlan et al.,
2021).

In this study, we adopted a CMD Mini-Explorer (GF
Instruments), which contains three receiver coils with
transmitter–receiver separation distances of 0.32, 0.71, and
1.18 m. The CMD was used in horizontal co-planar (HCP)
and vertical co-planar (VCP) orientation, with respect to the
ground, meaning that in total six depth-averaged readings
were obtained for each measurement point (corresponding
to the center of the instrument).

For an extensive survey, the device was pulled by a trac-
tor using a 4 m long rope, placing the instrument on a ded-
icated wood sled at the soil surface. In this manner, no in-
teraction with metallic (conductive) parts of the tractor or
the sled was ensured. The travel speed was approximately
6 km h−1, with 0.5 s of sampling rate, ensuring a spatial sam-
pling density of approximately 0.8 m. The parallel transects
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were set about 4 m apart from each other, covering an area
of about 1.5 ha. For the high-resolution 2D transects, the de-
vice was hand-carried through its holding system at the soil
surface, and the travel speed was that of a slow walk (approx-
imately 3.5 km h−1). Measurements were logged every 0.5 s
and paired with coordinates obtained from the ProXT GPS
receiver (Trimble, USA). In this case, spatial sampling was
approximately 0.5 m.

The measured data were filtered to remove outliers (val-
ues outside the mean ±2 standard deviations). Furthermore,
a smoothing window was applied, replacing each data point
with the average of its neighbors (number = 5) to favor a
smoother inversion process. Finally, to define the maximum
depth of the models, sensitivity profiles for each survey have
been calculated: all approximate zero toward 1.4 m below the
surface. We set soil profiles composed of 24 layers with a
thickness of 0.05 m each and initial EC of 10 mS m−1. After-
wards, the datasets were inverted using EMagPy (McLach-
lan et al., 2021), with the full Maxwell (FS) forward model
(Wait, 1982) and the Gauss–Newton optimization method
(McLachlan et al., 2021) in order to minimize the total mis-
fit between observed values and predicted values from the
forward model solution. The choice of the FS forward oper-
ator, instead of the more frequently adopted cumulative sen-
sitivity (CS; McNeill, 1980), allows for the calculation of a
non-simplified response of the ground. EMagPy has the ca-
pability to perform quasi-2D inversions, generating inverted
EC depth profiles for each point of measurement, holding an
average final root mean square percentage error (RMSPE) of
6.1 % for the eight cross transects and of 9.7 % for the three
longer lines.

2.3 Electrical resistivity tomography

Electrical resistivity tomography is a well-established
imaging technique and also long used in soil science
(e.g., Samouëlian et al., 2005). ERT exploits multiple elec-
trodes to measure the distribution of the electrical resis-
tivity of the subsurface. Surveys are conducted through a
quadrupole electrode arrangement: current is injected be-
tween a pair of electrodes, and the difference in electrical
potential is measured between the other pair. From each mea-
surement, an apparent resistivity value is derived, represent-
ing the equivalent resistivity of a homogenous subsurface.
Given multiple combinations of current and potential elec-
trodes along a transect, inverse modeling is then used to re-
construct a two- or three-dimensional image of the actual re-
sistivity (Binley, 2015).

In this study, surveys were collected using a Syscal Pro
72 resistivimeter (Iris Instruments, Orleans, France) with an
optimized dipole–dipole skip 0 scheme applied at 24 sur-
face electrodes, acquiring both direct and reciprocal mea-
surements, i.e., exchanging current and potentiometric elec-
trodes for each quadrupole of measurement to get a statistical
estimate of the experimental error (Binley et al., 1995; Cas-

siani et al., 2006). Two sets of ERT transects were acquired
at different scales to enhance the comparison with the EM
data (Fig. 1). A first set of three longer lines (2 m electrode
spacing, above the seeder passages) was acquired to compare
against plot-scale FDEM mapping. The second set of eight
short cross transects (0.25 m electrode spacing) was acquired
to match and compare with the high-resolution EMI tran-
sects. Stainless-steel electrodes were hammered into the first
few centimeters (0.05 m) of the soil to achieve the best com-
promise that would ensure electrical contact and still abide
by the general assumption of point-current injection. Contact
resistances were checked before each acquisition, with very
satisfactory values in the range 10−1–100 k�.

Along each line, 477 quadrupoles were acquired, adopt-
ing a current injection time of 250 ms per cycle, with min-
imum and maximum stack numbers (number of cycles per
quadrupole) of 3 and 6, and a quality factor (acceptable dif-
ference between cycle results) Q= 2%. With these param-
eters, the total acquisition time for each line lasted around
8 min.

Datasets were analyzed in terms of direct-reciprocal de-
viation, removing the quadrupoles with discrepancy larger
than 5 %, thus losing only a few dozen quadrupoles per line.
The inversion process of the acquired datasets was performed
adopting the same error threshold within the ResIPy soft-
ware (Blanchy et al., 2020a), based on the R2 and R3t codes
based on Occam’s inversion method (Binley, 2015). All mod-
els converged within a maximum of two iterations, with a
final RMS misfit of 1.0 each, thus confirming the excellent
quality of data.

2.4 Soil sampling, penetration resistance, and TDR
measurements

Both electrical and electromagnetic surveys were acquired
with the intent to map but also to characterize in detail por-
tions of the field: an initial areal FDEM acquisition was fol-
lowed by three additional lines to intercept seeder heavy pas-
sages, as well as eight detailed transects, for both FDEM and
ERT (four along and four across normal tractor tramlines;
Fig. 1c).

Survey positions were identified according to the FDEM
spatial variability of the soil. The areal FDEM survey was
used to provide ancillary data that help identify homogenous
areas. Transect data were spatially interpolated using an or-
dinary kriging approach, and a k-means clustering algorithm
was used to identify homogenous areas on the FDEM kriged
maps. The k-means algorithm divides M points in N dimen-
sions into K clusters to minimize the within-cluster sum of
squares (Hartigan and Wong, 1979). Both spatial interpola-
tion and cluster analysis were performed using ArcGIS Pro
(ESRI, Redlands, CA). The objective function is calculated
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using Eq. (1) (Gore, 2008),

OKM =

N∑
i=1

H∑
h=1

d2
ih, (1)

where dih is the component of a distance matrix, obtained
from Eq. (2),

d2
ih = (xi − ch) ′C−1 (xi − ch) , (2)

where ch is the centroid of class h and C−1 is the inverse
of covariance matrix of the independent variables, called
the Mahalanobis distance (Varmuza and Filzmoser, 2016).
The use of the Mahalanobis distance is justified by the fact
that the six FDEM variables are correlated. The Calinski–
Harabasz index (Caliñski and Harabasz, 1974) was used to
select the optimal number of homogeneous areas, resulting
in four clusters (Fig. 2). For each area, two geophysical de-
tailed surveys (i.e., ERT and FDEM) were performed. Pairs
of profiles were acquired, specifically four “lines” superim-
posed on the tramlines and four “lines C” crossing them or-
thogonally (Fig. 1c).

On top of each geophysical transect, three equally spaced
penetration resistance (PR) sampling zones were selected,
for a total of 24 in-depth profiles. Penetration resistance was
measured at such points using a hydraulic-driven penetrolog-
ger (Eijkelkamp, Netherland), throughout the 0–0.8 m soil
layer, with a 30°, 2 cm2 cone. Undisturbed 0.072 m diam-
eter soil samples were collected down to 0.7 m at the corre-
sponding PR locations (24 in total) using a hydraulic sampler.
Undisturbed soil samples were weighed, and a fraction (two-
thirds) was oven-dried at 105 °C for 24 h, to compute the vol-
umetric water content (VWC) and bulk density (BD). The re-
maining soil fraction (one-third) was air-dried and sieved at
2 mm for texture analysis. Soil BD was estimated using the
core method (Grossman and Reinsch, 2018), while soil tex-
ture was determined by laser diffraction (Mastersizer 2000;
Malvern Panalytical Ltd, Malvern, UK), as described, e.g., in
Bittelli et al. (2019). In addition, along the longer ERT mid-
line, 12 PR depth profiles were acquired every 4 m. During
the same day and just after the geophysical survey, the vol-
umetric surface water content in the entire field was mea-
sured using 128 geolocated spatially distributed TDR mea-
surements (FieldScout TDR 350 soil moisture meter, Spec-
trum Technologies, Inc.) equipped with 22 cm long spikes.

2.5 Statistical analysis

The level of dependency between soil electrical properties
(i.e., ECFDEM, ECERT) and basic physical soil properties
(i.e., soil moisture, texture, bulk density, and penetration re-
sistance) was calculated by the non-parametric Spearman
coefficients (rs). Indeed, EC soil properties showed a non-
normal distribution, possibly implying non-linear relation-
ships between the variables. This dynamic would not have
been appreciable with Pearson’s coefficient, thus motivating

our choice. Depths down to 0.3 m of the simultaneously col-
lected parameters were considered, given the predominant
compaction of interest observed in the shallowest layer and
a general homogenization of trends at depth. The statisti-
cal analysis was performed using a Python routine based on
SciPy (Virtanen et al., 2020).

3 Results

3.1 Areal FDEM survey and soil characterization

The initial areal FDEM survey clearly shows the presence
of systematic conductive anomalies in the center of the field
(Fig. 2a), i.e., four 70 m long corridors parallel to each other
and approximately 8 m wide, with ECa values exceeding
30 mS m−1. In the rest of the field, ECa values are gener-
ally lower, around 6–10 mS m−1, with slightly more con-
ductive portions (20–25 mS m−1) at the northern and south-
ern extremes, where the field borders irrigation channels.
The spatial variability just described in the shallowest layer
(VCP0.32) propagates along the investigation depth with a
very similar pattern, with conductivity ranges gradually in-
creasing with depth. In the bottom layer (HCP1.18), a max-
imum increase of approximately 15 mS m−1 is observed,
with values exceeding 40 mS m−1 in the most conductive
zones and around 20–25 mS m−1 elsewhere. This lateral and
anomalous heterogeneity motivated the clustering process
that led to the identification of the four distinct homoge-
neous areas to investigate further and carry out soil sampling
(Fig. 3). Specifically, parallel patterns were grouped in the
center of the monitored field. Less regular patterns were iden-
tified at the northern and southern parts of the field. Area no.
3 is the largest one (4745 m2), while area no. 4 is the smallest
one (1876 m2).

Figure 4 shows the VWC map, obtained from kriging the
point values measured over the entire field using the portable
TDR instrument. We can clearly observe a spatial pattern
very similar to ECa (Fig. 2a), characterized by the presence
of systematic anomalies in the center of the field. In this case,
these are portions with high water content (> 30%), arranged
on parallel bands 8 m wide and the length of the field. A fur-
ther area with fairly large water content (> 25%) is located
in the lower-left corner, while the remaining field portions
settle at values between 5 % and 20 %, with an average of
16.4 %.

Seeder heavy traffic determined significantly different soil
bulk density values (significance level p < 0.05) compared
to the rest of the field in the upper soil layers (0–0.2 m).
This treatment exhibits increased BD, with average values
of 1.53 g cm−3, respectively, compared to the rest of the
field that averages 1.41 g cm−3 (Fig. 5a). Along the 0.2–
0.7 m depth profile, bulk density becomes similar between
treatments, within the range of 1.56–1.58 g cm−3. The VWC
shows slight differences among the treatments within the
shallowest 0.2 m. The average values in this depth range are
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Figure 2. (a) Apparent electrical conductivity (ECa) field maps obtained from the initial areal FDEM survey through the CMD Mini-
Explorer, showing the systematic conductive seeder anomalies for each coil configuration (VCP and HCP probe orientation and Tx–Rx coil
separation) and (b) their normalized local sensitivity pattern (from McLachlan et al., 2021).

0.26 m3 m−3 for heavy-traffic regions and 0.24 m3 m−3 for
uncompacted regions, whereas below 0.2 m depth the profiles
become similar, with values averaging 0.25 m3 m−3. In terms
of penetration resistance, the heavy-traffic regions show sig-
nificantly higher resistances than the uncompacted regions
throughout the depth range. Down to a depth of 0.3 m, the
average penetration resistance for the non-compacted soil
is 1.26 MPa, while it increased to an average of 4.9 MPa
in compacted areas. Even at greater depths, beyond 0.4 m,
seeder traffic shows significantly higher values, with average
PR values more than 2.7 MPa higher than in the uncompacted
area.

From the analyses of clusters 1, 2, and 4 (Fig. 5b), a differ-
ence is shown between the interrow and the tramline in the
shallowest 0.2 m. Both PR and BD measured on the tramlines
are higher (mean values of 1.6 MPa and 1.49 g cm−3, respec-
tively) than those on the rows (mean values of 1.0 MPa and

1.41 g cm−3). Deeper than the topsoil (> 0.3 m), the profiles
tend to become uniform, with monotonous growth down-
ward. VWC profile shows higher values for the tramline than
for the interrows in the shallowest 0.1 m (0.25 kg kg−1 for
tramline and 0.23 kg kg−1 for interrows), while below that
the behavior changes with a kind of slightly reversed trend.

3.2 Electromagnetic and DC-current geophysics

The three inverted transects, both FDEM and ERT, acquired
across the heavy seeder traffic passages (Fig. 6), show a com-
mon pattern, consistent with the geophysical aerial survey.
Two highly conductive anomalies (> 30 mS m−1) are clearly
visible in the uppermost portion of the subsoil (down to
0.5 m), located between 16 and 24 m and between 29 and
38 m along the transect direction. In the same depth range,
the remaining portions of the investigated profile have an av-
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Figure 3. EC-based grouping by k-means clustering.

erage EC value of about 9 mS m−1. Moving to greater depths
(> 0.8 m), conductivity values increase and become laterally
uniform, around 40 mS m−1. To note, the ERT transects were
inverted together to generate a pseudo-3D model (Fig. 6b).
In this way, the spatial extent of the systematic conductive
anomalies described above could be better imaged. In addi-
tion, the 2 m electrode spacing of the ERT lines made it possi-
ble to extend the depth of investigation to approximately 6 m.
However, beyond 2 m from ground level, the tomograms be-
come uniform at values greater than 50 mS m−1, as already
found in the FDEM models (Fig. 6a).

As for the detailed survey, carried out in the four cluster ar-
eas (Fig. 3), pairs of profiles were acquired: four “lines” were
superimposed on the tramlines and four “lines C” crossed
them orthogonally (Figs. 7 and 8). Figure 7 shows rela-
tively homogeneous FDEM models, with conductivities in
the range of (1–50) mS m−1. Except for cluster 3, the re-
maining models agree in showing lower conductivity val-
ues (1–20 mS m−1) in the shallow topsoil (0–0.5 m), grad-
ually increasing with depth (> 30 mS m−1) down to approxi-
mately 1.4 m. Lines 3 and 3C, acquired close to heavy-traffic
pathways (see Fig. 1b), deviate from the monotonic trend
just described, showing more pronounced conductivity val-
ues (> 40 mS m−1) at shallower depths than the previous
lines. In particular, high ECs are observed as shallow as 0.3 m

Figure 4. VWC map obtained by kriging of punctual TDR mea-
surements. Samples are indicated with different colors according to
the treatment.

depth in the second portion of line3, close to the seeder pas-
sage.

ERT inverted models reflect the similarity between clus-
ters 1, 2, and 4 and the deviation of cluster 3 (Fig. 8).
As regards the former ensemble, a horizontal layer with
higher conductivity (> 40 mS m−1) with a rather homoge-
neous thickness is found in the uppermost portion (0–0.1 m).
Below this, the EC values decrease (10–20 mS m−1), show-
ing basically uniform models. The reduced spacing between
the electrodes, their small number, and the adopted dipole–
dipole skip 0 sequence contributes to increase the resolution
but limits the investigation depth to only 1 m. In the transver-
sal lines (Fig. 1), the same degree of EC homogeneity is
found at depth. However, circumscribed conductive bulbs
(> 40 mS m−1) can be observed at the surface (0–0.1 m).
They are placed at progressive distances of approximately 1,
3, and 4.5 m, coinciding with the three tramlines intersected
by these cross profiles.

3.3 Primary soil properties and electromagnetic
behavior

When analyzing the relationships between primary soil pa-
rameters, a significant, though weak, correlation was found
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Figure 5. Penetration resistance (PR), bulk density (BD), and volumetric water content (VWC) reference profiles of (a) heavy-traffic treat-
ment and (b) tramline treatment.

between PR and BD (rs = 0.23), and a moderate correla-
tion was found between VWC and BD (rs = 0.43, p < 0.01),
while no dependency was found between the texture and
other physical properties (Fig. 9a). VWC was also correlated
with electrical conductivity in topsoil, weakly with ECFDEM
(rs = 0.28) and moderately with ECERT (rs = 0.32, Fig. 9a).
Similarly, conductivity demonstrated moderate significant
correlations with PR (rs = 0.41 and 0.39 for ECFDEM and
ECERT, respectively), whereas only ECERT exhibits a posi-
tive correlation with BD (rs = 0.32), differing from ECFDEM
in this case.

An EC dependency from VWC was also found when the
moisture content of the field topsoil (down to 0.2 m) was
considered. The VWC measured with portable TDR in 128
randomly distributed samples (Fig. 1c) strongly influenced
the areal electromagnetic response (rs = 0.78), as reported in
Fig. 9b.

4 Discussion

This work explores the capabilities of ERT and FDEM to
discriminate soil compaction in the field, at both aerially ex-
tended and detailed scales, and provides some methodologi-
cal insights to optimize geophysical acquisition for this spe-
cific goal. Since EC is a parameter influenced by multiple soil
properties (Friedman, 2005a; Doolittle and Brevik, 2014),
it is useful to explore its correlation with soil bulk density,
penetration resistance, and volumetric water content in order
to improve soil management and monitoring of agricultural
practices.

As a starting point, we utilized BD and PR as indicators
of the state of compaction. Soil BD is the mass of dry soil
per unit volume obtained from a sample, while PR is mea-
sured in the field as the result of the cohesive forces between
the individual soil particles and the frictional resistance en-
countered by the particles sliding over each other (Marshall
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Figure 6. Pseudo-3D inverted models obtained from the inversion of the three single lines, (a) FDEM and (b) ERT, over the heavy-traffic
area.

Figure 7. Electrical conductivity models after FSlin inversion of FDEM transects. The numbering is relative to the related cluster; “line” is
superimposed on the tramline and “line C” crosses it orthogonally.
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Figure 8. Electrical resistivity inverted models of detailed transects. The numbering is relative to the related cluster; “line” is superimposed
on the tramline and “line C” crosses it orthogonally.

Figure 9. (a) Heatmap displaying the Spearman correlation coefficients (rs) between the measured variables (BD: bulk density; VWC:
volumetric water content; PR: penetration resistance, sand, silt, and clay; EC(fdem): electrical conductivity from FDEM; EC(ert): electrical
conductivity from ERT). The asterisks identify significant relationships, ∗ at p < 0.05 and ∗∗ at p < 0.01. (b) Spearman’s correlation between
volumetric moisture content (measured with TDR) and ECFDEM from the areal survey.

and Holmes, 1980). Although often affected by punctual het-
erogeneity when measured in the field, PR remains an effec-
tive indicator of soil compaction (Benevenute et al., 2020).
A poorly structured soil is characterized by high BD values

(Håkansson and Lipiec, 2000), and this often happens with
the repeated passage of heavy vehicles in unfavorable field
conditions. As in our case, the portions of soil heavily com-
pacted on the surface for heavy seeder passes show very high
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BD (> 1.55 g cm−3) and PR (> 4.5 MPa). Even when con-
sidering the case of common tramline compaction, the values
are higher than uncompacted regions by roughly 1.5 g cm−3

and 2.2 MPa, respectively, in line with findings of Reintam
et al. (2009) and Elaoud and Chehaibi (2011) for this type of
soil.

Taking VWC into consideration as well, an increase in
moisture is observed in the compacted subsurface portions.
The behavior is definitely evident in the areal mapping per-
formed with TDR (Fig. 4), but it is also observed from the
samples collected from the 0–0.3 m depth layer (rs = 0.43
with BD, Fig. 9b). This phenomenon is generated where the
percolation rate of rainwater or irrigation water through the
soil is reduced by a compacted layer, thus developing lo-
calized saturated zones close to the soil surface (Batey and
McKenzie, 2006).

This aspect is of paramount importance when evaluating
the geophysical response, particularly considering the elec-
tromagnetic nature of the methods here (and commonly)
adopted. Indeed, they rely on electromagnetic properties of
the subsurface, which change dramatically with water con-
tent (Binley et al., 2015; Vereecken et al., 2007). In fact,
a positive correlation was observed between electrical con-
ductivity and soil moisture in the areal survey (rs = 0.78 for
ECFDEM, Fig. 9a) but also a significant relationship by ex-
amining soil samples (rs = 0.28 and 0.32 for ECFDEM and
ECERT respectively, Fig. 9b). In both areal and detailed sur-
veys, the highly compacted portions of the soil are charac-
terized by high-EC anomalies relative to the context, likely
caused by their low permeability and surface saturation. This
aspect may therefore be indicative of soil compaction if elec-
tromagnetic surveys are used as an initial monitoring tool.
In general, the conductivities found are in the range below
50 mS m−1, in good agreement with the agricultural context
of the area. FDEM models agree in showing lower values
(below 10 mS m−1) in the shallowest soil layer (0–0.1 m),
likely due to drier conditions, with a gradual increase with
depth (> 30 mS m−1), related to an increase in water content
(Fig. 7). This dynamic is also evident in the pseudo-3D mod-
els in Fig. 6, for both ERT and FDEM results. Note that the
circumscribed and systematic surface conductive anomalies
present here (> 40 mS m−1) are precisely placed on the seed-
ing corridors that compacted the first subsurface.

The high-resolution ERT transects are informative down to
depths of about 1 m (Fig. 8), as they are designed to achieve
a high resolution close to the surface, where they show
localized conductive anomalies (about 0.3 m wide, 0.15 m
thick) in correspondence with the compaction generated on
the tramlines. This resolving ability is not found in FDEM
transects, and this is motivated by the very nature of the
techniques: the electromagnetic induction approach gener-
ates vertical soundings with integrated ECa values over depth
(McNeill, 1980), and the output models are strictly depen-
dent on the instrument footprint, the spatial density of the
measurements, and the need to smooth the measured data

during processing and inversion. Given the adopted instru-
ment, it is expected that its footprint be no smaller than a
square meter. On the contrary, ERT can be adapted to the
scale and resolution needed to optimally investigate the phe-
nomenon of interest with a tomographic approach. The dif-
ferent surface sensitivity of the two methods to compaction
is also confirmed by statistical analysis: ECERT shows a sig-
nificant correlation with BD (rs = 0.32), whereas ECFDEM is
even slightly negative (rs =−0.02). One last thing to con-
sider, in this specific field of study concerned with the most
proximal portion of the subsurface (down to 1–2 m), is the
critical effect of a correct placing of the electrodes: they
should not penetrate too far into the soil to ensure that the as-
sumption of punctual current injection is satisfied, given the
commonly small spacings; however, at the same time, good
coupling with the plowed and aerated soil must be ensured,
minimizing contact resistances.

The advantages of FDEM instruments are considerable –
ease of use and speed of acquisition first and foremost. The
equipment is commonly lightweight (a CMD Mini-Explorer
probe weighs 2 kg), and measurements are collected in a con-
tactless manner by simply carrying the device over the target
area, walking, or dragging it. With little effort and in less than
2 h, the ECa distribution in the shallow subsurface can be ac-
quired over about 2 ha, thus highlighting portions with high
compaction and surface moisture. However, as shown here
but also noted by Blanchy et al. (2024), detailed spatial het-
erogeneities at both areal and depth scales can be missed by
FDEM instruments. Other important aspects during acqui-
sition are (a) avoiding the nearby presence of metal objects
that can produce spurious results and (b) checking the poten-
tial instrumental drift (De Smedt et al., 2016). In addition,
it is crucial to remember that in the presence of conductive
soil, most of the signal at higher frequencies is conveyed, via
electromagnetic induction, into the topmost layer and does
not diffuse into the subsoil, thus decreasing the depth of in-
vestigation. Therefore, although ERT requires more logisti-
cal effort and the need for galvanic contact with the soil, it
remains a technique of fundamental application for obtaining
a more accurate subsurface model with sufficient spatial res-
olution. In this respect, the existence of new georesistivime-
ters (i.e., Syscal Terra, Iris Instruments) capable of collect-
ing datasets with moving streamer systems could generate a
breakthrough to obtain truly 3D field electrical conductivity
models.

Our results show a good correlation between FDEM
and ERT in highlighting the compacted and saturated por-
tions of the soil, with some differences. Despite its poten-
tial and widespread application, the use of electromagnetic
geophysics in agriculture presents challenges, primarily re-
lated to the complex and site-specific influences on soil EC
(Friedman, 2005b; Carroll and Oliver, 2005; Kühn et al.,
2009). Survey resolution, adaptability, and ease of use are
all paramount. Also, soil electrical conductivity depends on
soil type, moisture content, and texture, highlighting the
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complexity inherent in understanding which factor is pre-
dominant in a site-specific situation. Identifying compaction
through EC measurements, therefore, is not a trivial task.
Variability in field conditions, sensor calibration, and data
interpretation are critical considerations. This requires multi-
parameter approaches that incorporate direct point measure-
ments (e.g., bulk density, porosity and permeability, soil pen-
etration resistance; Johnson and Bailey, 2002; Keller et al.,
2021) and auxiliary data like historical land use. However,
the spatial extent and resolution permitted by non-invasive
geophysical methods is a great advantage over other local
measurement methods, and increased efforts shall be devoted
towards improving the accuracy of such techniques in identi-
fying soil compaction, as recently done with shallow seismic
methods (Carrera et al., 2024), along with other parameters
important in soil management.

5 Conclusions

In this work, we compare the efficiency of the two geophysi-
cal techniques most used in agronomy, i.e., ERT and FDEM,
and specifically for the characterization of soil compaction.
We specifically explore the sensitivity and resolution of these
methods in assessing shallow soil compaction in the field, at
both the plot scale and the submeter-tramline scale.

FDEM allows rapid acquisition of measurements that can
define spatial variability at the ground surface, which moti-
vates its appreciation in soil science and agronomy. Never-
theless, it must be noted that a rigorous acquisition protocol
must be applied in order to avoid potential instrumental drift
and other issues, e.g., related to local strong conductors, and,
therefore, scattered or negative values and local conductiv-
ity anomalies unrelated to soil structure. Moreover, FDEM
inversion is for now a purely one-dimensional process with
depth, with lower spatial resolution as compared to ERT. In
addition, FDEM has an intrinsic spatial scale linked to the
coil distance and used frequency, which can hardly achieve a
resolution finer than the meter scale.

Due to its accuracy and flexibility of application, the ERT
method is well established and widespread as well in agron-
omy. However, it also requires a rigorous approach to ensure
the desired resolution and reliability of results. The type of
measurement sequence, site- and target-specific, is known to
be critical, and reciprocal data acquisition is strongly recom-
mended since it allows an assessment of the quality of the
collected dataset and therefore provides tools to minimize
possible artifacts in the reconstructed subsurface models.

Future challenges must address the increase in spatial res-
olution and sampling potential of electromagnetic induc-
tion instruments, as well as the development of algorithms
that could allow a true 3D inversion of the spatially mea-
sured data. At the same time, the use of next-generation geo-
resistivimeters capable of collecting datasets with moving
streamer systems represents a great opportunity to be tested

in the field. Technology advances are visible in this direction,
and this will foster precision agriculture practices but also a
broader understanding of soil–plant–water interactions and
ecosystem dynamics.
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Pentoś, K., Pieczarka, K., and Serwata, K.: The Rela-
tionship between Soil Electrical Parameters and Com-
paction of Sandy Clay Loam Soil, Agriculture, 11, 114,
https://doi.org/10.3390/agriculture11020114, 2021.

Piccoli, I., Seehusen, T., Bussell, J., Vizitu, O., Calciu, I., Berti, A.,
Börjesson, G., Kirchmann, H., Kätterer, T., Sartori, F., Stoate, C.,
Crotty, F., Panagea, I. S., Alaoui, A., and Bolinder, M. A.: Oppor-
tunities for Mitigating Soil Compaction in Europe–Case Stud-
ies from the SoilCare Project Using Soil-Improving Cropping
Systems, Land, 11, 223, https://doi.org/10.3390/land11020223,
2022.

Raper, R. L.: Agricultural traffic impacts on soil, J. Terramechanics,
42, 259–280, https://doi.org/10.1016/J.JTERRA.2004.10.010,
2005.

Reintam, E., TrüKmann, K., Kuht, J., Nugis, E., Edesi, L.,
Astover, A., Noormets, M., Kauer, K., Krebstein, K., and
Rannik, K.: Soil compaction effects on soil bulk den-
sity and penetration resistance and growth of spring barley
(Hordeum vulgare L.), Acta Agr. Scand. B.-S. P., 59, 265–272,
https://doi.org/10.1080/09064710802030070, 2009.

Ren, L., D’Hose, T., Borra-Serrano, I., Lootens, P., Hanssens, D.,
De Smedt, P., Cornelis, W. M., and Ruysschaert, G.: Detecting
spatial variability of soil compaction using soil apparent electri-
cal conductivity and maize traits, Soil Use Manag., 38, 1749–
1760, https://doi.org/10.1111/SUM.12812, 2022.

Romero-Ruiz, A., Linde, N., Keller, T., and Or, D.: A Review of
Geophysical Methods for Soil Structure Characterization, Rev.
Geophys., 56, 672–697, https://doi.org/10.1029/2018RG000611,
2018.

Romero-Ruiz, A., Linde, N., Baron, L., Breitenstein, D.,
Keller, T., and Or, D.: Lasting Effects of Soil Com-
paction on Soil Water Regime Confirmed by Geoelectri-
cal Monitoring, Water Resour. Res., 58, e2021WR030696,
https://doi.org/10.1029/2021WR030696, 2022.

Samouëlian, A., Cousin, I., Tabbagh, A., Bruand, A.,
and Richard, G.: Electrical resistivity survey in soil
science: A review, Soil Till. Res., 83, 173–193,
https://doi.org/10.1016/j.still.2004.10.004, 2005.

Schjønning, P., Lamandé, M., and Thorsøe, M. H.: Soil compaction
– drivers, pressures, state, impacts and responses, DCA Rep.,
ISBN 978-87-93787-51-3, 2019.

Seladji, S., Cosenza, P., Tabbagh, A., Ranger, J., and Richard,
G.: The effect of compaction on soil electrical resistivity:
A laboratory investigation, Eur. J. Soil Sci., 61, 1043–1055,
https://doi.org/10.1111/j.1365-2389.2010.01309.x, 2010.

Serrano, J., Shahidian, S., da Silva, J. M., Paixão, L., Moral, F.,
Carmona-Cabezas, R., Garcia, S., Palha, J., and Noéme, J.: Map-
ping management zones based on soil apparent electrical con-
ductivity and remote sensing for implementation of variable rate
irrigation–case study of corn under a center pivot, Water, 12, 1–
17, https://doi.org/10.3390/w12123427, 2020.

Varmuza, K. and Filzmoser, P.: Introduction to Multivariate
Statistical Analysis in Chemometrics, CRC Press, 46 pp.,
https://doi.org/10.1201/9781420059496, 2016.

Vereecken, H., Binley, A., Cassiani, G., Revil, A., and Titov, K.: Ap-
plied Hydrogeophysics, in: Applied Hydrogeophysics, Springer
Netherlands, 1–8, https://doi.org/10.1007/978-1-4020-4912-5_1,
2007.

Von Hebel, C., Rudolph, S., Mester, A., Huisman, J. A.,
Kumbhar, P., Vereecken, H., and Van Der Kruk, J.: Three-
dimensional imaging of subsurface structural patterns us-
ing quantitative large-scale multiconfiguration electromag-
netic induction data, Water Resour. Res., 50, 2732–2748,
https://doi.org/10.1002/2013WR014864, 2014.

Von Hebel, C., Van Der Kruk, J., Huisman, J. A., Mester,
A., Altdorff, D., Endres, A. L., Zimmermann, E., Garré,
S., and Vereecken, H.: Calibration, conversion, and quan-
titative multi-layer inversion of multi-coil rigid-boom elec-
tromagnetic induction data, Sensors (Switzerland), 19, 4753,
https://doi.org/10.3390/s19214753, 2019.

von Hebel, C., Reynaert, S., Pauly, K., Janssens, P., Piccard, I.,
Vanderborght, J., van der Kruk, J., Vereecken, H., and Garré
S.: Toward high-resolution agronomic soil information and man-
agement zones delineated by ground-based electromagnetic in-
duction and aerial drone data, Vadose Zone J., 20, 1539–1663,
https://doi.org/10.1002/vzj2.20099, 2021.

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy,
T., Cournapeau, D., Burovski, E., Peterson, P., Weckesser, W.,
Bright, J., van der Walt, S. J., Brett, M., Wilson, J., Millman, K.
J., Mayorov, N., Nelson, A. R. J., Jones, E., Kern, R., Larson,
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