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Abstract: Characterization of spatial soil variability is key for a better understanding of soils. To
arrive at such information geophysical techniques have been used in the last two decades. Due to
its easy handling, the geophysical sensor EM38 has widely been used to characterize agricultural
areas. The theoretical background and usage of the EM38 is described, and based on multifaceted
applications, the interpretation of the results as well as optimized steps for using it are outlined.
Common principles and models of the apparent electrical conductivity (ECa) and strengths and
limitations of this technique (calibration and temperature effects) are described as well as additional
applications, such as the magnetic susceptibility, a comparison of measurements in vertical and
horizontal modes, the use of weighted depth information and the influence of measurement conditions
are addressed. Further a comparison of EM38 with other proximal soil sensors and fusion with other
devices is described. The study reveals that EM38 is useful because the readings can reflect many
different soil parameters.

Keywords: conductivity modelling; influence of external and internal factors; measurement modes;
soil mapping; spatial prediction

1. Introduction

The characterization of the spatial soil variability is key for a better understanding of soils in the
landscape. During the last two decades, an increasing number of techniques to detect the heterogeneity
of soil properties have been described. Electrical resistivity/conductivity and permittivity based
methods are often used in soil science and related research. The high-frequency electromagnetic waves
of the permittivity methods are used to determine the velocity and reflection coefficients with GPR
(ground penetrating radar). Main target is the soil water content [1,2]. Electrical resistivity/conductivity
methods are based on the ability of a material to conduct electrical current. There are two techniques
used to measure soil conductivity and resistivity: non-contact system (electromagnetic induction, EMI)
and contact electrode measurements [3]. The first method uses a combination of two coils, a transmitter
coil with an alternating current and a receiver coil which measures the generated magnetic field. The
contact electrode (galvanic coupling) involves devices (at least four electrodes) that direct electrical
current into the soil through insulated metal electrodes that penetrate the soil surface. In this case, the
devices measure the current between the two receiver electrodes [4]. The primary unit of measurement
is electrical resistivity (ERa) in Ohm m−1. The correct term in geophysics for these methods is “direct
current” despite the fact that an alternating current is used. This is the consequence of relatively low
frequencies (<1000 Hz) used with ground resistivity methods compared to EMI or capacitive methods
(>10000 Hz) [5–7].

Since 2001, an increasing number of investigations and applications using the conductivity
meter EM38 (Geonics Ltd., Mississauga, Ontario, Canada) have been described. In the nineties,
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approximately three publications were released per year. This number has increased in the last decade
to approximately 10 publications per year. The primary field of application is soil science, followed
by agriculture and water content. Additionally, in many countries the EM38 device is commercially
used (New Zealand (www.nzcpa.com), Denmark (www.gpsagro.dk), Sweden (www.analycen.se) and
Norway (www.planteforsk.no)) [8].

The aim of this study is to outline basic principles and the practical use of EM38. This should
improve the reliability, consistency, and compatibility of apparent electrical conductivity (ECa) survey
measurements and their interpretation. Additionally, the understanding and interpretation of ECa

survey measurements is deepened. For each aspect, detailed descriptions and guidelines are given.
The objectives of this study are to outline:

• Principles of conductivity measurements;
• Important general models relating EM38-ECa to its contributing factors;
• Practical application of EM38 (calibration, influence of temperature, measurements using different

modes, use of depth-weighted or non-weighted soil properties);
• Comparisons with other conductivity/resistivity sensors;
• Fusions with other sensors.

2. Theory

2.1. Principles of Conductivity Measurements

The distribution of particles and pores determines the amount of conductivity. However, the
conductivity is also affected by the concentration of electrolytes in the pore water [9–12]. Soil
conductivity depends on the presence of dissolved inorganic solutes in the aqueous phase consisting
of soluble and readily dissolvable salts in soil, including charged species (e.g., Na+, K+, Mg2+, Ca2+,
Cl-, HCO−3, NO−3, SO4

2- and CO3
2-), non-ionic solutes, and ions, which combine to form ion pairs [6].

In addition to soil texture, soil temperature, bulk density, water content and soil organic matter
(e.g., [9,10,13–15] are influential. Ions inside the electrical diffuse double layer of clay particles are
capable of conducting electricity, even with low water contents [9,16]. Therefore, clay minerals
significantly contribute to soil conductivity [13]. Some soil particles do not conduct electricity and act
as insulators reducing the current flow, e.g., quartz, mica, calcium carbonate, and gypsum [17].

Soil is not a homogenous three-dimensional room, soil consists of an irregular distribution of pores
(filled with water/air) and solid substances. Therefore, in geophysics, the term apparent conductivity
is used. If the soil is perfectly homogeneous and deep (regular distributed pores and substance,
no heterogeneity with increasing depth), the apparent conductivity would be the true conductivity
(Figure 1). Three pathways of current flow contribute to ECa: 1. liquid, 2. solid-liquid and 3. solid
(Figure 1).Sensors 2019, 19, 4293 3 of 26 
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Figure 1. The concept of true and apparent conductivity [4]. σ1-σ3: The conductivity composed of 
several soil horizons/layers, σ4-σ6: liquid, solid-liquid, solid soil phases, and σa: apparent conductivity. 

2.2. Models of ECa 

In this section we describe the frequently applied ECa models. Several of these models have been 
constructed for saturated conditions [18–20]. One of the earliest physical models was developed by 
Maxwell (1881) which is generally written in an asymmetric form (Equation (1)). If the solid particles 
show no conductivity, the relationship is reduced to Equation (2) (after [21]. This formula determines 
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ECW—specific electrical conductivity of the soil water [dS m−1] 
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ŋ—porosity 
As described by Friedman (2005) [21], this simple mathematical model over-predicts the 
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According to Shah and Singh (2005) [23], m depends on the particle size characteristics of the 

soil. ECa is linearly dependent on ECw. The slope is determined by the factor F. Archie (1942) [18] 
found characteristic m values of 1 to 3 for unconsolidated sands and 0 to 2 for consolidated sands. 
The porosity ranges from 0 to 1 for clean sand and 0 to 6 for tuff particles [21].  

For unsaturated porous media, Archie’s law is expressed as: 𝐸𝐶   =  𝑐 × 𝐸𝐶ௐ  × ŋ × 𝑆 (4) 

and is written in a generalized form (assuming m=A and a non-significant influence of ŋ):  𝐸𝐶𝐸𝐶ௐ =  𝑐 × 𝛩   = 1𝐹 (5) 

C, A—parameters 
S—degree of saturation 
Θ—volumetric moisture content 
Additionally, the effect of particle conductivity ECP on ECa, which is important for dry soils (i.e., 

θ = 0), can be incorporated in the generalized Archie’s law by adding ECP to Equation (6). The authors 
noted that for most soils, ECP is so small that it can be ignored.  
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2.2. Models of ECa

In this section we describe the frequently applied ECa models. Several of these models have been
constructed for saturated conditions [18–20]. One of the earliest physical models was developed by
Maxwell (1881) which is generally written in an asymmetric form (Equation (1)). If the solid particles
show no conductivity, the relationship is reduced to Equation (2) (after [21]. This formula determines
the conductivity of a heterogeneous medium consisting of spherical particles and a suspension [22,23]

ECa − ECw

ECa + 2ECw
=

∫
ECs − ECw

ECs + 2ECw
(1)

ECa

ECw
=

2η
3− η

(2)

ECa—apparent electrical conductivity of the bulk soil [dS m−1]
ECW—specific electrical conductivity of the soil water [dS m−1]
ECS—electrical conductivity of solid soil [dS m−1]
η—porosity

As described by Friedman (2005) [21], this simple mathematical model over-predicts the measured
conductivities of mono-sized glass beads.

The simplest relationship is given by Archie for brine-saturated rocks (1942):

ECa =
1
F
× ECw

ECa

ECw
= ηm Archie′s Law (3)

m—material dependent empirical exponent, cementation index
F—formation factor

According to Shah and Singh (2005) [23], m depends on the particle size characteristics of the
soil. ECa is linearly dependent on ECw. The slope is determined by the factor F. Archie (1942) [18]
found characteristic m values of 1 to 3 for unconsolidated sands and 0 to 2 for consolidated sands. The
porosity ranges from 0 to 1 for clean sand and 0 to 6 for tuff particles [21].

For unsaturated porous media, Archie’s law is expressed as:

ECa = c× ECW × η
m
× SA (4)

and is written in a generalized form (assuming m=A and a non-significant influence of η):

ECa

ECW
= c ×ΘA =

1
F

(5)

C, A—parameters
S—degree of saturation
Θ—volumetric moisture content

Additionally, the effect of particle conductivity ECP on ECa, which is important for dry soils (i.e.,
θ = 0), can be incorporated in the generalized Archie’s law by adding ECP to Equation (6). The authors
noted that for most soils, ECP is so small that it can be ignored.

The derivations of ECa are based on the assumption that there is negligible contribution of surface
conductance (adsorbed ions, ECS) to ECa. The consideration of structural aspects is only valid in coarse
textured soils or in soils where ECW is sufficiently high to dominate ECa [21]. The author described
that, at low salinity in dominantly fine textured soils (ECW <4 dS m−1), the ECa-ECW relationship
is nonlinear.
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Based on the formula from Archie (1942) [18], Sen et al. (1988) [20] introduced the influence of
surface charge (Qv).

ECa =
1
F
×

(
ECw + ECw ×

a×Qv
ECw + b×Qv

)
+ c×Qv (6)

Qv—charge per unit pore volume (surface charge density) [mol L−1]
a, b, c—constants [S m−1 mol−1]

The constants a, b and c depend on the mobility of the ions close to the surface of the solid phase.
Sen et al. (1988) [20] used the following simplifications:

- the term (c* × QV) conductivity of the solid soil is similar to Rhoades [24] (1989) and is negligible,
- the parameter a is estimated by a = 1,93 ×mSen, where

msen = 1.67 + 1.953

√
CEC
100

(7)

mSen—m after Sen
CEC—cation exchange capacity [mmol kg−1]

and

- (b* × QV) is replaced by 0.7 S m−1.

These parameters lead to the following formula:

ECa =
1
F
×

(
ECw + ECw ×

1.93×mSen ×Qv
ECw + 0.7× Sm−1

)
+ c×Qv (8)

As described by Friedman (2005) [21], this empirical expression is reasonably successful in
describing the ECa of clay-bearing sandstones.

Mualem and Friedman (1991) [25] presented a model for saturated and unsaturated conditions
(Equation (9) as cited by [23].

ECa = ECw ×

(
Φη+2

Φsat

)
(9)

Φ = (Θ-Θb) reduced volumetric moisture content
Φsat = (Θsat -Θb) reduced saturated volumetric moisture content
Θb bound volumetric moisture content [cm3 cm−3]

Günzel (1994) [26] modified the model of [20] to estimate ECa from different soil parameters under
unsaturated conditions given as follows:

ECa = θm
×

(
ECw + ECw ×

0.193×m× BD×CEC
(ECw + 0.7) × θ

)
(10)

BD—bulk density [kg l−1]
In addition to Archie, Rhoades presented models which have been frequently applied, such as the

simplified approach of [10]:
ECa = ECw × θ× t + ECs (11)

t—transmission coefficient: t = a × Θ + b
Rhoades et al. (1976, 1989) [20,24] formulated an electrical conductance model as a function of the

mobile and immobile water content, bulk density, and conductivity of soil water and soil surface to
calculate salinity.

ECa =

(
(θss + θws)2× ECws × ECs

(θss + ECws) + (θws + ECs)

)
+ (θsc × ECs) + (θwc × ECwc) (12)
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ΘWS—volumetric soil water content in the soil-water pathway in fine pores (immobile water,
series coupled) [cm3 cm−3]
ΘWC—volumetric soil water content in the continuous-liquid pathway in medium and coarse
pores (mobile water) [cm3 cm−3]
ΘSS—volumetric content of the surface-conductance solid phase [cm3 cm−3]
ΘSC—volumetric content of the solid phase [cm3 cm−3]
ECWS—specific electrical conductivity of the soil water pathway in fine pores (series coupled) [dS
m−1]
ECWC—specific electrical conductivity of the continuous-liquid pathway in medium and coarse
pores [dS m−1]

This equation shows that ECa is a function of soil physical and chemical properties. The different
pathways connect electrical resistances. Assuming that the solid pathway is negligible because ECS <<

ECWC and that the conductivity is not influenced by pore size, the equation becomes simpler:

ECa =

(
(θs + θws)2

θs
× ECs

)
+ (θw − θws) × ECwc (13)

ΘW—ΘWS + ΘWC = total volumetric water content [cm3 cm−3]
ΘS—saturated volumetric water content

Rhoades et al. (1989) [24] investigated soils with a strong relationship between ECS and soil
texture. ΘS is closely correlated with bulk density, and ECa is a function of the bulk density, ΘW and
ECW. The authors recommended performing ECa measurements at higher water contents (i.e., field
capacity) to assess the amount of ECw.

The formulas from [18–20,24] are useful to detect the salinity. McBratney et al. (2005) [27] termed
such soils hyper-electrolytic because there is a large amount of electrolytes in relation to the charge of
the soil. If there is a smaller amount of electrolytes compared to the charge (ortho-electrolytic, [27],
the formulas can be used to map other soil properties. The authors presented a theoretical calibration
model for ECa assuming ortho-electric situations and that the conductivity of the underlying material
is much smaller than that of the upper soil:

ECa = A×
(

clay
100

)a

× B×
( Θ

Θs

)b
×C×

(
CEC
CEC0

)c

×D×
(
ρb
ρ0

)d

×

(
1 + exp

[
T−

293
293

])e
(14)

clay—percentage of clay [g kg−1]
CEC0—cation exchange capacity of the reference soil material
ρb—bulk density
ρ0—bulk density of the reference soil material
T—absolute soil temperature
A, B, C, D—empirical constants relating the contribution of each component to ECa

a, b, c, d, e—empirical constants accounting for the nonlinear relationships between soil properties
and the ECa

If temperature correction is assumed and ρb is reflected in Θ, the equation becomes:

ECa = κ×

(
clay
100

)
×

( Θ
Θs

)
×

(
CEC
CEC0

)
(15)

κ—scaling factor [mS m−1] which summarizes the A, B, C, D, E constants
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Heil (unpublished) calculated site-specific empirical models where the target variables were the
EM38 v- and h-readings. However, other investigations [28] under controlled conditions with soil
samples in cylinders from the same study area, resulted in more complex relationships:

√
ECav = 3.91 + 0.000042× conductivity pore water2 + 14.81× clay2

+1.73 silt3 –0.01× water content –0.45× cultivation
(16)

log ECah = 0.66 + 0.003× conductivity pore water + 0.99× clay + 0.3× silt3

+0.006×water content –0.05× cultivation
(17)

where

(ECav)—apparent electrical conductivity of bulk soil [dS m−1], measured in the vertical mode
(ECah)—apparent electrical conductivity of bulk soil [dS m−1], measured in the horizontal mode

The ECW, clay, silt, water content and cultivation (integrated farming = 1, organic farming = 0) in
both modes were the most important factors of influence. Clay and silt reflect the soil conditions, and
the conductivity of pore water and the cultivation reflects the field specific fertilization and the water
content. The major factors affecting ECa are the same but their relative importance differs.

This brief summary of more generally applied models and regionally developed formulas
demonstrates that the liquid phase and the porous solid phase are present in all of the models. The
form in which these parameters are taken into account differs in a distinct way. Further some variables
can be substituted by related variables. One example of these “substitutes” is ECW – ECS – CEC – θ.
According to different authors [20,29,30], the contribution of the surface conductivity to ECa increases
with an increasing double layer. The concentration of the double layer is mainly determined by several
soil parameters, such as water content, pore-fluid chemistry, pH, etc. Nadler and Frenkel (1980) [31]
reported that for low pore-solution salinity (i.e., ECW < 0.4 S/m), ECS is not constant and depends on
ECW. Shah and Singh (2005) [23] stated that the effect of ECS is automatically included in m. These
theoretical considerations show that soils with increasing fine granular material are more complex
than soils with low ECa readings.

Durlesser (1999) [13] compared the formula of [26] with his own measurements from the Scheyern
site. The influence of BD on the ECa was ten times weaker than CEC, ECW and Θ. CEC, ECW and
Θ had approximately the same degree of influence. When the texture was unknown, it was possible
to calculate Θ. According to [23], the formula from [26] can be used for soils with lower values of
Θ. Shah and Singh (2005) [23] favored the generalized Archie’s law, which can be used for saturated
and unsaturated soils. For the investigated soils, the generalized Archie’s law allowed for a better
simulation than was obtained by [20,24,26].

A newly introduced variable was used for cultivation [32]. It indicates the level of ECW and
short-term effective changes of ECW which correspond to a limited degree to other conductance
effective soil properties.

Some authors [23,25,31] discussed additional variables, such as the ionic mobility that depend on
the distance to the particle surface. The mobility and the contribution to the conductivity are lower in
the double layer as in the center of the pores. According to [23], the formula discussed in [25] accounts
for this observation.

Friedman (2005) [21] introduced the role of various attributes of soil and its solution to determine
the ECa. This fact concerns ECa-ECw and, therefore, saline soils. Non-spherical particle shapes
and broad particle-size distributions decrease the ECa. When the non-spherical particles have some
preferential alignment in space, the soil is anisotropic, meaning the ECa depends on the direction in
which it is measured. The influence of temperature on the ECa is stronger than in free solution. These
findings limit the applications of ECa-ECw models. To solve these problems, physical models are used,
which describe the contribution of dissolved ions, mineral surface properties and solution chemistry.
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When these models are not available, therefore, site-specific ECa (ECw, θ) calibrations are necessary to
determine accurate relationships to ECw.

Kühn et al. (2008) [33] explained the variation in ECa to a large degree by the below-mentioned
factors with an R2 of up to 61%. The soil parent material in their investigation area consisted of glacial
till, fluvial deposits (mainly sands), loess and clay stones and Holocene and Weichselian alluvial
sediments. The soil organic matter and CaCO3, secondarily clay and gleyic horizons were significantly
related to the ECa. The authors could combine the geological map unit and the ECa, which made
it possible to determine the most important soil properties affecting the ECa by interpreting the
geological maps.

2.3. Principles of EM38 Measurements

The calculated values of the ECa are a function of calibration, coil orientation, and coil separation.
The separation between the coils determines the volume of material detected by the instrument. This
concept is often extended to include a depth of penetration of the technique, with larger separations
producing greater depths of investigation [34].

The ground conductivity meter EM38 is composed of a transmitter and a receiver coil installed
1.0 m apart in a non-conductive bar in the opposite ends of the instrument. It operates at a frequency
of 14.6 kHz. The transmitter coil is energized with an alternating current from a 9 V battery, which
generates a time-varying magnetic field in the earth. This magnetic field causes the current to flow
in the soil, producing a secondary magnetic field (Figure 2). The measurement is expressed by the
ratio of the primary field (Hp) to the secondary field (Hs) (Equation (18)). It is a function of the
different conductivities in the subsoil and other factors, such as the orientation and distance of the
coils, operating frequency and the magnetic susceptibility [9].
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Figure 2. Schematic construction of the EM38 measurement principle (transmitter, receiver, primary
and secondary field).

Ground conductivity meters operate within the limits provided by a low induction number [35].

ECa =
4

2Πµ0 f2 s
×

(
Hs

Hp

)
(18)

Hp—primary magnetic field (A m−1)
Hs—secondary magnetic field (A m−1)
f—frequency of the current (Hz),
µ0—magnetic permeability of air (4π10−7 H m−1);
s—intercoil spacing (m).
Π—2 πf

A detailed discussion of the equipment and its operation can be found in [36].
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The investigated depth range depends on the coil separation within the instrument. The coil
distance is fixed using the EM38. Only the orientation of the coils can be changed. This depth-weighted
nonlinearity is shown in Figures 3 and 4. The figures illustrate the cumulative relative contributions of
all of the soil electrical conductivities, R(z), for a homogeneous conductive material below a normalized
depth of z based on Equations (19) and (20) from [9] for both dipoles, respectively.

Rv(z) =
1

(4z2 + 1)0.5 (19)

RH(z) = (4z2 + 1)
0.5
− 2z (20)

z—depth [m]
R—cumulative relative ECa
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The terminology “vertical” (ECav) and “horizontal” (ECav) are used differently.

- Vertical coils and vertical magnetic dipoles are called HCP (horizontal coplanar).
- Horizontal coils (the magnetic dipoles are horizontal) are called VCP (vertical coplanar).

For VCP, the tool lies parallel to the soil surface and for HCP, the instrument is perpendicular.
According to [37] Geonics Ltd. (2002) and [9], the orientation of the dipoles has to be eponymous for
different modes (vertical or horizontal dipole). Other authors (e.g., [38] use the position of the coils
(vertical or horizontal coils). We use the direction described by Geonics Ltd. The sensitivity in the
vertical mode is the highest at approximately 40 cm below the instrument and in the horizontal mode
reaches a maximum directly below the instrument.

The absolute determination of the investigation depth is problematic. The measurements can be
acquired at an unlimited depth but, in reality, it depends on the electrical contrast. [38] discussed a
simple definition. According to the authors, the investigation depth is limited to where the effect of a
layer is considered “noise” for the instrument. A threshold of 10% is generally used by the authors. For
EM38, the most common definition and simplification is a depth range of up to 1.5 m using the vertical
dipole mode. With the horizontal dipole mode, the penetration depth is reduced to 0.75 m [39,40].

3. Application of EM38

3.1. Performance of EM38 Measurements in Practice

The EM38 measurements can be made quickly and it is relatively easy to obtain many readings
with a good spatial resolution. The EM38 is sensitive to proximal metal objects. Therefore, it is
recommendable to remove all metallic objects during data collection. A metallic presence will affect
the zero setting and also the values during the measurements. Additionally, electromagnetic noise,
such as power lines manifests itself in oscillating readings.

For wide area measurements, the sensor is mounted on a metal-free sledge and pulled behind
an all-terrain vehicle equipped with a GPS receiver and data collection computer. In the literature,
several forms of vehicles are described and pictured (e.g., [41–43]. Another possibility is a hand guided
measurements (Figure 5). With a GPS on the back, this method is particularly suitable for smaller area,
steeper fields or areas that are not to be travelled.
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To assure the reliability, consistency, and compatibility of ECa data, [42,43] developed a survey
protocol, which accounts for all of the relevant information regarding measurements and interpretation.
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For surveys, in line with the joint project iSoil (http://esdac.jrc.ec.europa.eu/projects/guidelines, 2017)
we recommend the following steps:

(i) intended objective;
(ii) evaluation (stochastic and/or deterministic analysis, spatial statistical analysis);
(iii) site description (relief, common available soil information);
(iv) current land use (kind and amount of fertilization);
(v) specification of geo-referenced ECa survey design (point-wise or distance of tracks, measurements

of specific zones within areas, e.g., field corners);
(vi) soil sample design (number of samples, sampling depths, sampling method, depth of grid

sampling or orientation after ECa readings, soil maps, topography); and
(vii) crop harvesting design.

3.1.1. Calibration of EM38

Although this tool is very popular, some weaknesses exist [5,45]. One of the greatest disadvantages
during the measurements is the drift of the Q/P (Quad phase) and I/P (Initial phase) readings. The
I/P value measures the sensitivity of the receiver electronics to the primary signal induced by the
transmitter [37]. For optimum accuracy, the I/P reading should be maintained at zero using the EM38
controls [37]. Lück et al. (2000) [11] described the incorrect setting of the I/P switch, which changes the
v- and h-readings and their relationship. The Q/P adjustment shows the ECa readings. With the Q/P, the
instrument is set to zero on the ground, and in a special v-h-constellation, the instrument is positioned
at approximately 1.5 m [37]. The drift is often explained by changes in the ambient temperature and
the sensor’s temperature [41,46]. Robinson et al. (2004) [47] demonstrated that differential heating of
EM38 is one cause of drift and erroneous readings.

The user’s manual [37] suggests nulling at the beginning of each day and then three or four
times per day. When used as a mobile unit linked with a GPS receiver, a re-nulling is frequently too
complicated. One way around this complication may be re-nulling the I/P reading at fairly frequent
intervals, such as every 15–30 min. Sudduth et al. (2001) [41] suggested applying a manufactured
version of self-corrections of I/P drifts using temperature changes.

In addition to the air temperature effect, the soil temperature has a negative influence on ECa

values collected over the course of a single day because large amplitudes are present in the upper soil
areas. The results from [46] indicated that such assumptions are valid under the conditions during
their study (fluctuations less than 10◦C during the day at a depth of 5 cm) and when frequently nulling
the I/P readings. According to [37], the drift of the temperature of the Q/P mode results in a change of
0.15 mS m−1 per ◦C, and the in-phase-component denotes 2.5 mS/m per ◦C [11].

Sudduth et al. (2001) [41] reported a drift of approximately 3 mS m−1 per h. This could represent
over 10% of the total ECa variation in some fields. To reduce this, the authors recommended (i)
re-zeroing the instrument I/P or (ii) using a calibration transect to monitor drifts over the course of a
survey and adjust ECa readings for the drift. To ensure quality data, re-zeroing or collecting data on a
calibration transect should be conducted approximately every half-hour or at least once every hour.

Based on the procedures suggested by [41,48] developed equations to correct the drift of ECa and
magnetic susceptibility depending on the environmental temperature.

Optimized procedures include the following steps: (1) On a fixed point, the measurements are
performed for approximately 20 min. (2) The first minute of the measurement is chosen as a reference
value, representing readings without the influence of temperature. (3) The difference between the
ongoing readings and reference ECa from the start of the measurement period provides residues.
(4) This residues are related to the measurement time and equations are calculated. (5) With these
equations, all the measurements are then corrected.

The authors found out that quadratic relationships deliver the best results to detect masked
anomalies caused by buried metallic pipes and electrical cables.

http://esdac.jrc.ec.europa.eu/projects/guidelines
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Re-nulling during the course of a survey produces jumps in the readings and correcting the
recorded temperature variations may be too time-consuming. In our experience, an appropriate way
to reduce such an influence includes the following steps: (i) Allowing the system to be in equilibrium
with the ambient at the beginning of the measurement and (ii) avoid direct sunlight during the survey,
particularly at higher temperatures. Changes in direct sunlight and shadows can produce an enormous
drift. Therefore, it is strictly recommended to perform the survey with EM38 in a closed box, preferably
made out of wood. (iii) It is often necessary to correct for any indirect effects. The suggested procedure
is the point wise ECa determination at the beginning and end of the measurements on the same site.
The calculated drift is added or subtracted. Such information is not given in the user’s manual.

3.1.2. Consideration of Soil Temperature

Electrolytic conductivity increases at a rate of approximately 1.9% per 1 ◦C increase in temperature.
Due to this, all ECa values are recalculated to a temperature of 25◦C (EC25). Different formulas were
developed. The function described by [49] and modified by [42] is often used.

EC25 = ECa ×

(
0.447 + 1.4034× exp (− T

26.815 )
)

(21)

Tsoil temperature [◦C]
EC25—ECa recalculated to a soil temperature of 25◦C

A ratio model is commonly used to correct ECa measurement to a standard temperature (e.g., [50,51].

EC25 =
ECT

1 + ϑ(T− 25)
(22)

ECT—ECa [mS m−1] measured at the actual soil temperature T [◦C]

where ECT is the soil electrical conductivity at the actual temperature T, and ϑ is the temperature
compensation for the slope. The commonly used value for ϑ is 0.0191C−1.

Durlesser (1999) [13] developed the following formula for the special climatic and soil conditions
at Scheyern [28]:

EC25 = ECa ×

(
0.447 + 1.69× exp (− T

2621.0 )
)

(23)

Rhoades et al. [52] (1999) presented another formula:

ft = 1 − 0.20346 (T) + 0.03822
(
T2

)
− 0.00555

(
T3

)
(24)

where

T—[temperature in ◦C-25]/10
ft—formation factor

Conductivity at 25 ◦C is calculated as follows:

EC25 = ft × ECt (25)

where ECt is the soil electrical conductivity at the measured temperature T.
McBratney et al. (2005) [27] were the only authors who integrated a temperature correction in

their ECa equation (Equation (14)).
Ma et al. (2011) [53] compared different formulas with data from the US Salinity Laboratory.

The results were surprising. The authors found several wrong equation citations. Following these
comparisons, the following conclusions are reached:



Sensors 2019, 19, 4293 12 of 26

- The exponential model of [49], as modified by [42], shows best results (Equation (21)). The
authors suggested that practitioners should use this equation to correct ECa readings ranging
from 3 to 50 ◦C to provide measurements referenced to 25 ◦C (EC25);

- The ratio model (Equation (22)) is also applicable between 3 ◦C and 47 ◦C.
- The model of [53] is only applicable for a 15 to 35 C◦ range, for which it was originally designed.

Slavich and Petterson (1990) [17] considered seasonal changes in soil temperature. When using the
EM38 over an extended period of time in the field, the seasonal variation in soil temperature is likely
to affect ECav and ECah values. The authors calculated temperature correction factors for various times
of the year for NSW (Australia). They found that, although the correction factors varied widely with
the season, they were not significantly affected by the shape of the ECa profile. A correction procedure
for seasonal variation in soil temperature was outlined by [54]. Only a small amount of information
regarding the annual variation in soil temperatures was necessary to develop an effective correction
factor for ECa readings. Such data exists for many of the major agricultural regions in Australia.

Recently Geonics Ltd. developed a new coil technology, with a temperature compensation circuitry
to reduce the temperature-related drift characteristics as compared with the preceding generation of
EM38 instruments.

3.1.3. Magnetic Susceptibility

The EM38 allows additional measurements of the apparent magnetic susceptibility (in-phase
component). When a magnetic field is present [55,56], metal materials become magnetized. The
measurement is performed as per unit volume (K) or as a mass normalized susceptibility (χ) [55].
When measured with the EM38, the values are given as the ratio of the primary to the secondary
field in parts per thousand (ppt) [57]. Therefore, the in-phase component is considered a measure of
magnetic susceptibility [58]. However, it is generally a rarely used variable.

The magnetic susceptibility is influenced by the following factors [55]:

- some oxides and hydroxides;
- topsoil is much more magnetic than subsoil layers;
- human activities enhance topsoil properties (organic matter, porosity, soil temperature as a

consequence of more organic matter), meaning cultivated soils are often more magnetic than
non-cultivated areas; and

- burned material enhances magnetic susceptibility.

The magnetic susceptibility of near-surface materials does not normally vary significantly over
short distances (e.g., a few meters) [59]. Soils sometimes have higher values than the parent rocks
because of weathering processes. Detecting 250 years of old bricks with magnetic susceptibility was
described by [60]. These data can help to locate buried soil horizons, cultural strata, and answer
questions regarding cultural formation and post-depositional processes [55,61].

Wynn (1990) [62] used the magnetic susceptibility of soils in the 100 to 10,000 Hz range to explore
archaeological areas. This application was useful because it can provide information on the presence
of disturbed clay- and sulfide-rich (particularly pyrite) horizons in areas with human influence.

The EM38 was able to detect the remains of a 17th century castle in the pasture fields of Vinkem.
The wall foundations were clearly visible because of a strong anomaly in the in-phase response of the
1 m vertical coplanar orientation, which was caused by the enhanced magnetic susceptibility of the
bricks. In the horizontal coplanar orientation, the anomalies were less clear and showed both positive
and negative responses, which were likely caused by the change in sign of the response at a certain
depth. A remarkable fact was that the quadrature-phase response did not show the walls in horizontal
coplanar orientation.

Ernenwein and Hargrave (2009) [57] listed the advantages and disadvantages:

- The EM38 is prone to drift and the data are sometimes difficult and time consuming to process;
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- The magnetic susceptibility is not limited to the direction and strength of the earth’s magnetic
field and can detect features regardless of geometry;

- These data are absolute values, rather than a collection of positive and negative poles.

EM38 and the DUALEM-21S were used by [56]. The magnetic structures of buried objects resulted
in clear measured anomalies with a high resolution. Magnetic susceptibility and ECa readings were
used by [48] to detect electrical cables and metallic pipes. The development of site specific equations to
correlate the environmental temperature enhances the quality of registrations of these soil anomalies.

3.2. Comparison of ECav with ECah

Comparisons of both modes show close relationships with high coefficients of determination
values [63,64].

Nogues et al. (2006) [65] gave an example from saline and non-saline Spanish soils with the
following relationships:

ECav = 0.54 + 1.1× ECah R2 = 0.98, (26)

and
EMav = 0.08 + 1.05× ECah R2 = 0.94. (27)

Generally, the v-mode values are related to different properties within the whole profile. In case of
topsoil calculation, using ECah is often more realistic. The reason for this phenomenon is the different
sensitivity functions of the EM38 [9], which show that the relative response to the signal from the
topsoil is larger for ECah than for ECav.

ECah delivered better results when estimating the soil depth to a cemented (petrocalcic) horizon [66].
The same result was described by [67] when determining the thickness of A-horizons. Heath et al.
(1999) [68] reported that, in Australia, frequent measurements in the h-mode are used. This is caused
by the fact that shallow rooting crops (pastures) are objects of investigations. Dalgaard et al. (2001) [69]
found similar R2 values for the derivation of the clay-content, although the spans of the ECa and clay
texture were narrower in the h-mode. Most research does not describe a favorite mode (e.g., [70].

Some authors prefer the combination of ECav and ECah as an average ECa-value for the top 100 cm
of soil profiles. Norman (1990) [71] and Slavich (2001) [72] suggested that changes in the concentration
of salts deeper in the soil profile may significantly affect the average regression equations. Therefore,
Slavich (2001) [72] developed regressions for leached and inverted concentrations of salt.

For an inverted profile where (ECah > ECav)

ECa(0− 60 cm) = 1.87× ECah − 1.87× ECav (28)

For a leached profile where (ECah < ECav)

ECa(0− 60 cm) = 1.24× ECah − 0.05× ECav (29)

Slavich (2001) [72] argued that ECav and ECah are generally strongly correlated, and a more valid
approach needs to be used.

EC(a−average) =

(
(ECav + ECah)

2

)
(30)

EC(h−v) = (ECah − ECav) (31)

These measurements are likely to be more weakly correlated and can be interpreted as measures
of an average profile value (e.g., salinity, Equation (30)) and profile trend (Equation (31)).
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A calculation with a similar intention was presented by [73]. A profile ratio (PR) was created by
combining the ECa values measured in the two orientations.

PR =
ECah

ECav
(32)

PR close to 1 indicates a uniform profile, a PR < 1 indicates a more conductive subsoil compared
to the topsoil and PR > 1 indicates a decreasing conductivity with depth.

To predict the organic carbon, Martinez et al. (2009) [74] applied a normalized ECa difference
(∆ECa), calculated as the difference between the normalized vertical and horizontal dipole ECa values:

∆ECa =
(
ECav/ECav

)
−

(
ECah/ECah

)
(33)

Vanderlinden et al. (2010) [75] integrated ECah and ECav maps of different measurement campaigns
to derive the management zones. Interpolated data were transformed to relative differences (δij).

δij =
ECaij − (ECa)j

(ECa)j
(34)

where ECaij is the ECa representing point (pixel) i and survey time j, and ECaij is the spatial average of
the field at survey time j. For each location I, the mean relative difference δi of the 13 measurement
campaigns and its standard deviation (σ δi) were calculated to evaluate the temporal persistence or to
rank the stability of the ECa patterns.

3.3. Comparison of ECa and Depth Weighted or Non-Depth Weighted Soil Properties

Soil properties should be introduced in calculations with ECa. [76] compared three forms of target
variables: (i) Depth weighting according to EM38 depth sounding (ECav), (ii) depth-weighted average
according the thickness of the horizon, and (iii) value from top layer of the profile. ECa correlations
with sensor-weighted silt content and cation exchange capacities were generally the highest and most
persistent. The coefficients of clay content were different, but the improvement of horizon-weighted
values was enhanced to a minor extent. Organic C sensor-weighted relationships were also better. These
higher correlations with sensor-weighted data supported the thesis that the weighting corresponds
with the linearity of the EM38 depth function. In all listed cases, the relationships to the topsoil values
were weaker. Additional results were described by [64]. Depth weighting with the signal distribution
of the sensor did not enhance and slightly improved the relationships.

Schmidhalter et al. (2001) [64] compared ECa readings for the v- and h-mode with depth
measurements of soil texture and water content (0–30, 30–60, and 60–90 cm). In the h-mode the
calculation of clay, the upper depth range was better reflected than at deeper levels with an R2 of 0.38.
The coefficients of determination of the v-mode increased with increasing depth from 0.13 to 0.22. In
both cases, the enhancement was only slightly pronounced. The relationships were still weaker when
calculating soil water content.

3.4. Measurements under Different Wetness Conditions

There is an ongoing discussion if there are particularly beneficial wetness conditions for the
measurements. According to [11], it is not possible to give a single answer. On fields with distinct soil
texture differences, the margin of the ECa distribution increases and is flatter during summer compared
to winter readings. In fields with more homogenous ECa distributions, the range became marginal
closer during summer. The ECa readings during wetter periods (>10 mm antecedent precipitation
during the previous 7 days) showed greater spatial variability (shorter spatial correlation ranges
and greater sills), indicating soil water influences the distribution of soil ECa [77]. In wetter areas,
a significant correlation between the relative difference of ECa and that in measured soil moisture
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was observed (R2 = 0.59–0.77), but not in drier areas. During drier periods or at drier locations, the
influence of soil moisture (and flow path) on ECa was masked by the terrain and other soil properties.
This means that the optimal use of EM38 for detecting subsurface water contents would be during wet
periods or in wet areas. The authors recommend mapping soil C, and the influence of soil moisture on
ECa should be minimized. A survey conducted during a dry period may yield a better result.

According to our experience (unpublished) from a hilly site of Tertiary and Quaternary material,
a generalization is not possible. At our observation area, the ECa values decreased from April to
July (April 29 mSm−1, July 19 mSm−1). The strongest decrease indicated ECa readings in the subarea
‘Tertiary clay covered with a layer of 40 cm of sand-gravel’ (fine Vertic Eutrochrept). No reduction
or only small decreases occurred in areas with Pleistocene loesses (fine-silty Dystric Eutrochrept,
fine-loamy Typic Udifluent). Other sites showed more negligible reductions (e.g., coarse-silty Dystric
Eutrochrept, fine-loamy Dystric Eutrochrept).

Other authors (Maier et al. 2006) [78] investigated if a variation of the soil conductivity resulting
from changes in the soil moisture influences the measured susceptibility values. A laboratory
experiment indicated a weak variation in the measured magnetic susceptibility under different water
contents. A measurement error, caused by an interfering effect of soil conductivity variations, was
not found. The authors concluded that in practical applications for topsoil magnetic susceptibility
mapping in the field, the influence of soil moisture is less important.

3.5. Modelling ECa Gradient (with Increasing Depth) from EM38 Readings

Detecting vertical variations of soil properties are essential for soil dynamics, rooting depths
and water turnovers. One possibility to assess the vertical discontinuity is the measurement in the
vertical and horizontal mode. However, only few researchers have attempted to derive more detailed
vertical changes with ECa readings. In geophysics, the procedure to survey soil with a larger number
of penetration depths is called the vertical electrical sounding [79].

One of the first vertical electrical sounding was performed with resistivity sensors, where the
investigation depth is controlled by the spacing of the electrodes [80]. For EM38 with a fixed coil
distance, the only possibility to detect layering is the coil orientation, measurements at different heights
above the ground as well as the combination with other sensors. With increasing heights, the response
of air increases, and the influence of the soil decreases [39,79]. Mester et al. (2011) [81] combined the
measurements of EM38 and the Profiler system with 1.22 m offset and 8 and 15 kHz for calculating
lateral and vertical conductivity variations.

Frequently applied here is the inversion-calculation-technique. Inversion of EC readings need
solving the matrix formula for the not known EC profile (σ) [12,36,82]:

Kσ = d (35)

K: matrix of the depth response functions of the instrument at different heights
d: vector of ECa values.

In the eighties and nineties, several authors described empirical relations between aboveground
ECa and conductivity soil data (e.g., [83–86]). McNeill (1980) [9] published two depth response
functions for EM38. [82] used the same model with a second order Tikhonov regularization. All of these
relationships were based on the assumption of linearity [36]. Cook and Walker (1992) [15] developed
an optimal linear combination depth weighted function to determine ECa for a specific depth using a
least square minimization. [87] attempted to reconstruct horizons and layers with ECa measurements.

Verwoort and Annen (2006) [88] tested three different inversion methods described by [9], the
Tikhonov regularization discussed in [82] and the method developed by [15]. The calculations produced
small differences in Ks-values stratigraphies. After conversion, the last method and Tikhonov method
appeared to represent the area wide Ks distribution more accurately than the first procedure.



Sensors 2019, 19, 4293 16 of 26

The most actual form of the calculation is inverse modelling combined with the nonlinear
procedure and Tikhonov regularization [36,88]. Some authors used older forms of the calculation, e.g.,
linear modelling [89]. Gebbers et al. (2007) [79] applied different inversion programs/algorithms (IX2D
(Interpex), lsqnonneg (MATLAB solver), fminunc (MATLAB solver), and GPCG).

Hendrickx et al. (2002) [36], using data from agricultural fields in California, obtained adequate
results using linear and nonlinear inverse procedures. Using linear inverse modelling, [89] described a
good conformity in the topsoil of a rice-paddy soil in the Yangtze Delta, China with validation data. [79]
found that the inversion was uncertain because of the principle of equivalence and measurement errors.
The authors did not observe large differences between inversion algorithms. The GPCG procedure
only calculated better results without regularization with error-free data.

Triantafilis and Monteiro Santos (2009) [90] inverted EM38 data in a two-dimensional (2-D) image
of the true conductivity distribution. The authors found favorable relationships for the cation exchange
capacity, particle size fractions and the inverted EM38 values. However, some of these comparisons
were not satisfactory. The difference between these results was that the former study site was located on
soil derived mainly from sandstone, which delivered conductivity values below 100 mSm−1, whereas
the latter was located on clay plains where the conductivity data were commonly 100 mSm−1 or greater.

Li et al. (2010) [89], (2013) [91] developed a combination of the Tikhonov regularization and a 3-D
anisotropic variogram. The results allowed the prediction of a three dimensional spatial variability
of ECa.

Section 3.1.3 shows that the magnetic susceptibility readings (i/p-phase, inphase) are used,
especially in archaeology. In addition to area wide sensing, Dalan and Bevan (2002) [61] performed a
series of measurements as the EM38 was dropped from a height of 2 m to the surface at intervals of 1
cm or 5 cm. Susceptibilities of the soil samples were measured using a Bartington MS2 susceptibility
meter and MS2Blabsensor.

In summary, until now it is not possible to recommend a practicable procedure (EM38 in
combination with other tools). However, today a new generation of multi-configuration ECa tools is
commercially available. These systems have the similar construction (transmitter and receivers) but
with different coil distances and coil orientations. Such systems enable the simultaneous sensing over
different depth ranges

3.6. Additional Aspects of Special Applications

This section includes different additional aspects for the application of EM38 and to process
ECa readings.

• ECa measurements do not provide absolute values of electrical conductivity because of calibration
problems, which prevent a quantitative analysis of the readings [4,92,93]. This means that the
combination of different maps over different times can be difficult to assemble because of shifts
in the relative values. Calibration is a general problem not limited to EMI devices and some
users have developed calculations to transform results in absolute physical units. Lavoué et
al. (2010) [92] described the procedure to calibrate ECa induction measurements with electrical
conductivity values measured with electrical resistivity tomography (ERT). The inverted ERT data
were used as input in a forward modelling tool considering the frequencies and coil distances.
Comparison of the calculated and measured apparent electrical conductivities showed very similar
trends but a shift in absolute values. Moghadas et al. (2010) [94] described a conceptual EMI
model for a zero-offset using vector network analyser technology. Theoretically the modelling
approach is exact, but not yet applied to a real field. The correction routine of [35] included for
measured ECa data by examining the theoretical relationship between the commercial ECa system
and the level of subsurface conductivity, coil configurations and the instrument elevation. The
approaches listed represent useful procedures to determine the electrical conductivity of the soil
and are not very time-consuming compared to the duration of the normal-size ECa survey. The
methods turn the ECa readings from a proxy indicator toward a more valuable level ([95] that
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quantitatively characterizes the ground. However, the performance on highly resistive areas as
well as on areas with less vertical differentiation needs further measurements [95].

• A moderate weakness was reported by [68]. These authors ascertained that each EM38 device has
a slightly different response.

• When towing the instrument too fast (>1 m/s) a delay between the GPS registration and the
measured ECa can occur.

• Measurements are highly affected by the height above the ground at which the EM38 was held.
The effect of readings depends on the relative height of the tool, and the actual conductivity at each
depth. Korsaeth (2006) [8] developed a correction function (ECav-corr, ECah-corr) for measurements
conducted at some height above the ground:

ECah−corr = ECah ×
1(

4×
(
−h2

)
+ 1

)0.5 − 2× (−h) (36)

ECav−corr = ECav ×
1(

4×
(
−h2

)
+ 1

)0.5 (37)

h: height (m) above ground

where the subscript corr indicates the height (h) corrected ECa-data. For simplicity, the author
assumed that the soil profile has a uniform conductivity. At heights 20 cm above the soil surface,
the corrections were sufficient. However, the methods have not been tested for heights below
20 cm.

• For most surveys the instruments are placed as close to the ground as possible. However,
increasing the height of the instruments reduces the magnitude of the ECa readings and therefore
the conductivity differences. This makes it harder to discriminate between soil conditions with
different ECa. Morris (2009) [96] recommended the creating of a map with ECa ratios which divide
conductivity values throughout a field by a typical conductivity in one area of the field. ECa ratio
maps make it easy to map spatial variations in conductivity.

• Lück et al. (2000) [11] described that if the position of the EM38 is not accurately vertical or
horizontal, the readings show values between both modes. The authors concluded that on fields
with small scale floor unevenness, measurements have severe fluctuations.

• In our experience (unpublished data), measurements closer than 2.5 m to a slope edge produce
decreased readings. We assume that, close to the edge, the half-space of the soil below the device
consists of air.

• Additionally, it is assumed that crop residues can influence ECa values. Brevik et al. (2003) [97]
compared ECa readings collected above crop residues and bare soil. On average, ECa readings
were 0.2 mS m−1 higher when the EM38 was exposed to bare ground, and 68% of the bare ground
readings were higher than the corresponding readings caused by crop residues. However, this
difference was not significant when compared to the natural variation of the readings.

• The disadvantages of conductivity surveys include the EM38’s sensitivity to electrical interference
(e.g., lighting, power lines) and metal debris [45]. In certain cases, however, the EM38’s sensitivity
to metal is an advantage, such as at battlefields or other sites where metal artefacts are among the
target features [98].

• Ernenwein et al. (2007) [99] described the application of EM38 to detect archaeological features.
The authors assumed the following penetration depths:

• EM38, conductivity, vertical mode 1.5 m;
• EM38, conductivity, horizontal mode 0.75 m;
• EM38, magnetic susceptibility, vertical mode 0.5 m;
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• EM38, magnetic susceptibility, horizontal mode 0.25 m;
• As a general rule of thumb, objects smaller than approximately 0.25–0.30 m are not detectable,

except for magnetic materials. Other objects that are strongly magnetic (iron, nickel, magnetite,
ferromagnetic material), even if very small, can sometimes be detected with EM38 if buried in the
upper meter.

4. Comparison of EM38 with Other Conductivity/Resistivity Soil Sensors

There are several sensors for mapping soil conductivity commercially available in addition to
the EM38, e.g., ARP03 (Geocarta, France), VERIS3100 (Veris Technologies, Salina, KS, USA), CM-138
(Gf Instruments, Czech Republic), MuCEP [100] (Panissod et al. 1998), soil doctor, DUALEM-devices
(DUALEM Inc. Milton, Ontario) and GEM300.

EM38, EM31, Dualem-2 and Dualem-4 meters and Veris 3100 were compared by [101] to assess
the depth to sand and gravel. All five tools produced similar spatial patterns of ECa. The depths to
sand and gravel were most strongly correlated with the measurements obtained with the EM31 meter
in the vertical dipole orientation (R = 0.81), and the Dualem-4 meter with the horizontal coplanar
geometry (R = 0.77). The authors concluded that variations in the degree of correlation between ECa
and depth to sand and gravel demonstrate the importance of selecting an instrument and configuration
that provide the maximum response for the depth of interest.

Saey et al. (2008) [102] reported that the EM38 and Dualem-21S sensors had accurate depth
predictions of a two-layered soil in a rapid, effective, and non-destructive manner. With the EM38DD,
a number of soil auger observations are required to calibrate the ECa measurements with respect to the
depth of the layer. The quadruple-array DUALEM-21S instrument does not need to be calibrated with
soil samples.

Sudduth et al. (2010) [103] tested the EM38, VERIS3150 and DUALEM-2S sensors on Missouri
claypan soils with five different ECa-depth-response functions to derive the topsoil depth. The results
from the model-based approach were very similar to those obtained by regressing topsoil depth on
ECa. The best calibrations were reached with multiple variables in the model inversion or regression
compared to those with single variables. The authors did not prefer a single sensor.

Simpson et al. (2010) [56] compared the EM38 and the DUALEM-21S. First, the modelled sounding
values agreed with the measured data, meaning that the theoretical models are usable for layered
soils. Second, the magnetic structures of buried objects were recognizable as anomalies with high
resolution. These anomalies were detected with 2 m horizontal coplanar and 1 m perpendicular coil
configurations. The detection of clay content and sand blows with different devices were described
by [104] (EM38, GEM300 sensor, and a Veris 3100). All three sensors produced similar ECa spatial
patterns corresponding to mapped clay content. Sudduth et al. (2003) [105] compared the EM38 and
Veris3100. On a single field and measurement date, EM38 data and Veris deep (0–100 cm depth) data
were the most correlated (R= 0.74 – 0.88). Differences between ECa sensors were more evident on
more layered Missouri soils. The regressions of ECa with depth–weighted clay content and cation
exchange capacity were generally high. Significant R2 values were present with organic C and silt
on the Missouri fields. Significant correlations of ECa with soil moisture, sand content, and paste
soil electrical conductivity were observed for approximately 10% of the comparisons. Selecting an
ECa sensing system should be based on practical implementation issues and the intended use of the
data. Gebbers and Lück (2005) [5] and Gebbers et al. (2009) [106] concluded that the VERIS3100
and ARP03 were more suitable to obtain information from shallow depths than the v-mode from the
EM38. When EM38 is used, one should consider the horizontal mode to investigate more shallow soil
depths. Additionally, the authors stated that ground penetrating radar and EM38 react differently
to layering. The ECa values are influenced by conductive layers, and the ground penetrating radar
readings are determined using resistive vertical discontinuities. [107] described a correlation between
the ECa measured by EM38, GSSI Profiler EMP-400 and Geocarta ARP and clay content. The R2 was
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higher with the ARP system. However, the correlation with ECa and clay was strong for all sensors,
except for the EM38-vertical mode.

Fulton et al. (2011) [108] emphasized that the strength of the correlation may be affected by several
factors, including how conductive the soil texture is relative to other soil properties. The authors
described results which showed that on non-saline soils, ECa measured with both EM38 and VERIS
correlated with the content of gravel, sand, silt, and clay, but the strength of relationship between
conductivity and these physical soil properties varied from moderately strong to weak. The application
of EM38 and ground penetrating radar [109] to derive water content yielded a more site-specific image.
These two geophysical data devices correlated at the silt loam site. However, the result from the loamy
sand and the sandy site were distinctly weaker.

Lilienthal et al. (2005) [110] expanded the comparison between EM38 and VERIS3100 and noted
that EM38 was very sensitive to metal objects. The raw data needed to be screened for outliers. Even the
corrected data showed structures from metal facilities, suggesting the use of data was questionable. The
authors observed that the measurements of resistivity showed spatial patterns from fertilizing plots.

Mankin et al. (1997) [111] reported that the meter’s Model SCT-1 (Martek Instruments, Inc., Irvine,
CA), the conductivity sensor of Veris Technologies and the ECa sensors (EM31 and EM38) produced
valuable data to evaluate saline seeps and creating field-scale soil salinity maps.

The juxtaposition of EM38 and EM31 were performed in rice fields in NSW, Australia [112]. The
relationship between both devices was very strong. The authors believe that both instruments were
suitable in the vertical mode. EM38 is cheaper to purchase than EM31 but has to be towed on a sledge
close to the soil surface. This would cause wear and high maintenance and would not be suitable for
cultivated rice fields.

5. EM38 Fusion with Other Sensors

The idea behind the combination of proximal soil sensors is that the accuracy of a single sensor is
often not satisfactory enough. The reading of one sensor is affected by more than one soil property of
interest [113–115]. The fusion of sensor data can overcome this weakness by extracting complementary
information from multiple sensors or sources. To an increasing extent, the readings of EM38 are
evaluated in combination mainly with VIS–NIR and a gamma-ray-spectrometer.

Mahmood et al. (2012) [116] described that soil property models based on the fusion of data from
the EM38 and the VIS-NIRS (ASD FieldSpec) spectrometer can significantly improve the accuracy of
predictions of soil properties, such as clay, silt, sand, soil conductivity (1:1) and pH compared to a
single evaluation. The accuracy of predictions of total organic carbon, total nitrogen and C/N-ratio was
better, but only for some fields. The authors described that the best predications were calculated on
clayey fields and the worst were from sandy fields.

Buchanan and Triantafilis (2009) [117] addressed the calculation of the water table depth using
stepwise multiple linear regressions with different ancillary data sets (EM34, EM38, gamma radiometric)
and morphometric data. The greatest improvement resulted when all data sets were combined (37%
increase in prediction accuracy over interpolation of single measurements). Piikki et al. (2011) [118]
combined gamma-ray spectrometer readings and EM38 and additionally relief values, radiance and
distance to the next drainage system data with the target to map the clay content in the upper soil. The
following results were summarized from the study:

(i) Clay content mapping was improved using ECa measurements from multiple measurements;
(ii) Predictions based on ECa data were improved by adding radiance data, but the addition of

drainage or elevation data had no noticeable effect;
(iii) Predictions from gamma-ray-spectrometers were accurate and were not improved by adding ECa

or any other independent data.

Piikki et al. (2013) [118] recommended using ECa maps as a decision support to interpret the
soil heterogeneity of field trials. The fusion of EM38 and gamma-ray-spectrometers is also described
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by [119]. The authors found an improvement when predicting the topsoil depth and pH. Using the
same sensors, Taylor et al. [120] (2010) concluded that the combination of sensors predicted topsoil clay
content better than a single application. Rodionov et al. (2013) [121] indicated no gradation between
the devices. For similar conditions (e.g., water content), both sensor signals are proxies for soil texture
and can be used complementarily. The use of both techniques would reduce the uncertainties of
EM38 measurements.

De Benedetto et al. (2013) [122] used EM38 and ground penetrating radar to calibrate a field wide
map of soil water content. Both readings were processed using multi-collocated co-kriging. The results
indicated that a multivariate geostatistical approach is effective to fuse sensor information to estimate
soil water content.

GEOPHILUS ELECTRICUS [123] is a novel system for mapping the electrical bulk resistivity of
soils. The comparison with VERIS and EM38 indicated a similar pattern which can be associated with
the remnants of a former river channel. All datasets show sharper contrasts for the whole depth range
than for the contrasts associated with the upper horizon. GEOPHILUS data are well correlated with
the data recorded using the EM38 and VERIS system.

6. Closing Remarks and Future Research

Experimental explanations and theoretical and practical results have been presented and discussed
to contribute to an improved application of the EM38.

The knowledge of the most influencing external factors is essential in the daily practice and can
avoid misunderstanding and misinterpreting conductivity values. For example, the ECa distribution
on a field cannot distinguish between sandy soils and gravels, which have similar and low ECa.

The measurement of ECa with this tool is complicated because of the influence of external and
internal factors. Moving the in-phase and quad-phase values makes the application difficult for
less-experienced users. Low values of EM38 deliver uncertain measurements. The temperature of the
sensor and the environment represent influencing factors. EM38 requires a relatively frequent tuning,
whereas the widely used resistivity instruments, after the initial setup, require no calibration. This paper
addresses procedures to minimize these disadvantages. The manufacturer has now equipped the new
instruments with automatic compensation (IP and QP), but until now, no results have been published.

EM38 is useful for several purposes because the readings can be affected by many different soil
parameters. However, the application of the EM38 requires site-specific calibrations.

Additionally, a possible drawback is that the investigated half-space is too large for the root zone.
The advantages and disadvantages of different sensors have been discussed but the applications

and procedures were not ranked. Compared to current systems (resistance tools), EM38 measurements
can be performed more quickly because it is not necessary to insert probes into the soil. This means
that ECa readings can be collected in areas with dry or hard soil surfaces, where currents will not
flow because there is not enough moisture or it cannot be inserted in the soil. Compared to resistance
sensors and alternating current instruments, EM38 is easier to handle because of its small size. The
EM38 is very easy to handle (1.5 kg), and the VERIS and ARP systems need a towing vehicle.

The next logical step is to combine sensors to develop increasingly sophisticated applications.
Sensor data fusion may provide many possible benefits, such as robust accuracy, extended attribute
utility and complementary information on certain soil properties. There is a need for more optimal
handling of statistical and geostatistical data evaluation. A literature review shows that there is scope
for better soil property estimates using sensor data fusion. This approach has not been intensively
tested for predicting multiple soil properties. The listed sensor combinations with gamma-ray or
VIS-NIRS techniques are limited to the soil surface or a few cm of penetration depth. Sensor data
fusion can enhance the quality of soil sensing in precision agriculture once a proper set of sensors has
been selected for fusion.

Author Contributions: K.H.: writing—original draft preparation, writing—review and editing, visualization,
U.S.: project administration, supervision



Sensors 2019, 19, 4293 21 of 26

Funding: This research was funded by the BMBF project CROP.SENSE.net Nr. 0315530C and BMBF Project
Bonares Nr. 031A564E.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sperl, C. Erfassung der Raumzeitlichen Variation des Bodenwassergehaltes in Einem Agrarökosystem Mit dem
Ground-Penetrating-Radar; Diss. TU München. FAM-Bericht 37; Technische Universität München: München,
Germany, 1999.

2. Tabbagh, A.; Dabas, M.; Hesse, A.; Panissod, C. Soil resistivity: A non-invasive tool to map soil structure
horizonation. Geoderma 2000, 97, 393–404. [CrossRef]

3. Pellerin, L.; Wannamaker, P.E. Multi-dimensional electromagnetic modeling and inversion with application
to near-surface earth investigations. Comput. Electron. Agric. 2005, 46, 71–102. [CrossRef]

4. Lück, E.; Rühlmann, J.; Spangenberg, U. Physical Background of EC Mapping: Laboratory, Theoretical and Field
Studies; ECPA: Berlin, Germany, 2005; pp. 417–424.

5. Gebbers, R.; Lück, E. Comparision of geoelectrical methods for soil mapping. In Proceedings of the 5th
European Conference on Precision Agriculture (5ECPA) and Precision Livestock Farming (2ECPLF), Uppsala,
Sweden, 9–12 June 2005.

6. Corwin, D.L.; Lesch, S.M. Application of soil electrical conductivity to precision agriculture: Theory,
principles, and guidelines. Agron. J. 2003, 95, 455–471. [CrossRef]

7. Xiaoshuai, P.; Kenneth, A.; Sudduth, K.A.; Veum, K.S.; Li, M. Improving In-Situ Estimation of Soil Profile
Properties Using a Multi-Sensor Probe. Sensors 2019, 19, 1011.

8. Korsaeth, A. Height above ground corrections of EM38 reading s of soil apparent electrical conductivity.
Short communication. Acta Agric. Scand. Sect. B Soil Plant Sci. 2006, 56, 333–336.

9. McNeill, J.D. Electromagnetic Terrain Conductivity Measurements at Low Induction Numbers; Technical Note 6;
Geonics Limited: Mississauga, ON, Canada, 1980.

10. Lück, E.; Eisenreich, M.; Domsch, H.; Blumenstein, O. Geophysik für Landwirtschaft und Bodenkunde.
In Stoffdynamik in Geosystemen, 7th ed.; Blumenstein, O., Schachtzabel, H., Eds.; University of Potsdam:
Potsdam, Germany, 2000; p. 167.

11. Khongnawang, T.; Zare, E.; Zhao, D.; Srihabun, P.; Triantafilis, J. Three-Dimensional Mapping of Clay and
Cation Exchange Capacity of Sandy and Infertile Soil Using EM38 and Inversion Software. Sensors 2019, 19,
3936. [CrossRef] [PubMed]

12. Rhoades, J.D.; Raats, P.A.C.; Prather, R.J. Effects of Liquid-Phase Electrical Conductivity, Water Content and
Surface Conductivity on Bulk Soil Electrical Conductivity. Soil Sci. Soc. Am. J. 1976, 4, 651–655. [CrossRef]

13. Durlesser, H. Bestimmung der Variation Bodenphysikalischer Parameter in Raum und Zeit Mit
Elektromagnetischen Induktionsverfahren, FAM-Bericht 35. Ph.D. Thesis, Technische Universität München,
München, Germany, 1999.

14. Cook, P.G.; Kilty, S. A helicopter-borne electromagnetic survey to delineate groundwater recharge rates.
Water Resour. Res. 1992, 28, 2953–2961. [CrossRef]

15. Cook, P.G.; Walker, G.R. Depth profiles of electrical conductivity from linear combinations of electromagnetic
induction measurements. Soil Sci. Soc. Am. J. 1992, 56, 1015–1022. [CrossRef]

16. Kachanoski, R.G.; Gregorich, E.G.; Van-Wesenbeeck, I.J. Estimating spatial variations of soil water content
using noncontacting electromagnetic inductive methods. Can. J. Soil Sci. 1988, 68, 715–722. [CrossRef]

17. Slavich, P.G.; Petterson, G.H. Estimating average rootzone salinity from electromagnetic induction (EM-38)
measurements. Aust. J. Soil Res. 1990, 28, 453–463. [CrossRef]

18. Archie, G.E. The electrical resistivity log as an aid in determining some reservoir characteristics. Trans. Am.
Min. Metall. Pet. Eng. 1942, 146, 54–62. [CrossRef]

19. Maxwell, J.C. A Treatise on Electricity and Magnetism, 2nd ed.; Clarendon Press: Oxford, UK, 1881.
20. Sen, P.N.; Goode, P.A.; Sibbit, A. Electrical conduction in clay bearing sandstones at low and high salinities.

J. Appl. Phys. 1988, 63, 4832–4840. [CrossRef]
21. Friedman, S. Soil properties influencing apparent electrical conductivity: A review. Comput. Electron. Agric.

2005, 46, 45–70. [CrossRef]

http://dx.doi.org/10.1016/S0016-7061(00)00047-1
http://dx.doi.org/10.1016/j.compag.2004.11.017
http://dx.doi.org/10.2134/agronj2003.4550
http://dx.doi.org/10.3390/s19183936
http://www.ncbi.nlm.nih.gov/pubmed/31547310
http://dx.doi.org/10.2136/sssaj1976.03615995004000050017x
http://dx.doi.org/10.1029/92WR01560
http://dx.doi.org/10.2136/sssaj1992.03615995005600040003x
http://dx.doi.org/10.4141/cjss88-069
http://dx.doi.org/10.1071/SR9900453
http://dx.doi.org/10.2118/942054-G
http://dx.doi.org/10.1063/1.340476
http://dx.doi.org/10.1016/j.compag.2004.11.001


Sensors 2019, 19, 4293 22 of 26

22. Fricke, H. A mathematical treatment of the electric conductivity and capacity of disperse systems, I. The
electric conductivity of a suspension of homogeneous spheroids. Phys. Rev. 1924, 24, 575. [CrossRef]

23. Shah, P.H.; Singh, D.N. Generalized Archie’s Law for Estimation of Soil Electrical Conductivity. J. ASTM Int.
2005, 2, 1–20.

24. Rhoades, J.D.; Manteghi, N.A.; Shouse, P.J.; Alves, W.J. Soil Electrical Conductivity and Soil Salinity: New
Formulations and Calibrations. Soil Sci. Soc. Am. J. 1989, 53, 433–439. [CrossRef]

25. Mualem, Y.; Friedman, S.P. Theoretical prediction of electrical conductivity in saturated and unsaturated soil.
Water Resour. Res. 1991, 27, 2771–2777. [CrossRef]

26. Günzel, F. Geoelectrical Examination of Groundwater Contaminations Considering the Influence of Clay
and Water Content on the Electrical Conductivity of the Subsoil. Bachelor’s Thesis, Universität München,
Munich, Germany, 1994.

27. McBratney, A.B.; Minasny, B.; Whelan, B.M. Obtaining ‘useful’ high-resolution soil data from
proximally-sensed electrical conductivity/resistivity (PSEC/R) surveys. Precis. Agric. 2005, 5, 503–510.

28. Auerswald, K.; Simon, S.; Stanjek, H. Influence of soil properties on electrical conductivity under humid
water regimes. Soil Sci. 2001, 166, 382–390. [CrossRef]

29. Johnson, D.L.; Koplik, J.; Schwartz, L.M. New Pore-Size Parameter Characterizing Transport in Porous
Media. Phys. Rev. Lett. 1986, 57, 2564–2567. [CrossRef] [PubMed]

30. Shainberg, I.; Rhoades, J.D.; Prather, R.J. Effect of ESP, cation exchange capacity, and soil solution concentration
on soil electrical conductivity. Soil Sci. Am. J. 1980, 44, 469–473. [CrossRef]

31. Nadler, A.; Frenkel, H. Determination of Soil Solution Electrical Conductivity from Bulk Soil Electrical
Conductivity Measurements by the Four Electrode Method. Soil Sci. Soc. Am. J. 1980, 44, 1216–1221.
[CrossRef]

32. Heil, K.; Schmidhalter, U. Characterisation of soil texture variability using the apparent soil electrical
conductivity at a highly variable site. Comput. Geosci. 2012, 39, 98–110. [CrossRef]

33. Kühn, J.; Brenning, A.; Wehrhan, M.; Koszinski, S.; Sommer, M. Interpretation of electrical conductivity
patterns by soilproperties and geological maps for precision agriculture. Precis. Agric. 2008, 10, 490–507.

34. Acworth, R.I. Investigation of dryland salinity using the electrical image method. Aust. J. Soil Res. 1999, 37,
623–636. [CrossRef]

35. Beamish, D. Low induction number, ground conductivity meters: A correction procedure in the absence of
magnetic effects. J. Appl. Geophys. 2011, 75, 244–253. [CrossRef]

36. Hendrickx, J.M.H.; Kachanoski, R.G. Indirect measurement of solute concentration: Nonintrusive
electromagnetic induction. In Methods of Soil Analysis, Part 4; Dane, J.H., Topp, G.C., Eds.; SSSA Book Ser. 5;
SSSA: Madison, WI, USA, 2002; pp. 1297–1306.

37. Geonics, E.M. EM38 Ground Conductivity Meter Operating Manual; Geonics Limited Ontario: Mississauga,
ON, Canada, 2002; p. 32.

38. Dabas, M.; Tabbagh, A. A comparison of EMI and DC methods used in soil mapping theoretical considerations
for Precision Agriculture. In Precision Agriculture; Wageningen Academic Publishers: Wageningen, The
Netherlands, 2003; pp. 121–127.

39. Penttinen, S.; Alakukku, L.; Hänninen, P.; Jaakkola, A. Response Functions of EM38 and EM31 and 3-Layer
Model of Cultivated Soil. In Proceedings of the Nordic association of Agricultural Scientists 22nd Congress,
Turku, Finland, 1–4 July 2003.

40. Heil, K.; Schmidhalter, U. Comparison of the EM38 and EM38-MK2 electromagnetic induction-based sensors
for spatial soil analysis at field scale. Comput. Electron. Agric. 2015, 110, 267–280. [CrossRef]

41. Corwin, D.L.; Lesch, S.M. Characterizing soil spatial variability with apparent soil electrical conductivity: I.
Survey protocols. Comput. Electron. Agric. 2005, 46, 103–133. [CrossRef]

42. Sudduth, K.A.; Drummond, S.T.; Kitchen, N.R. Accuracy issues in electromagnetic induction sensing of soil
electrical conductivity for precision agriculture. Comput. Electron. Agric. 2001, 31, 239–264. [CrossRef]

43. Corwin, D.L.; Lesch, S.M. Characterizing soil spatial variability with apparent soil electrical conductivity,
Part II Case study. Comput. Electron. Agric. 2005, 46, 135–152. [CrossRef]

44. Corwin, D.L.; Lesch, S.M. Apparent soil electrical conductivity measurements in agriculture. Comput.
Electron. Agric. 2005, 46, 11–43. [CrossRef]

45. Clay, R.B. Conductivity (EM) survey: A survival manual. In Remote Sensing in Archaeology—An Explicity
North American Perspective; Johnson, K., Ed.; University of Alabama: Tuscaloosa, AL, USA, 2006; pp. 79–107.

http://dx.doi.org/10.1103/PhysRev.24.575
http://dx.doi.org/10.2136/sssaj1989.03615995005300020020x
http://dx.doi.org/10.1029/91WR01095
http://dx.doi.org/10.1097/00010694-200106000-00003
http://dx.doi.org/10.1103/PhysRevLett.57.2564
http://www.ncbi.nlm.nih.gov/pubmed/10033799
http://dx.doi.org/10.2136/sssaj1980.03615995004400030006x
http://dx.doi.org/10.2136/sssaj1980.03615995004400060017x
http://dx.doi.org/10.1016/j.cageo.2011.06.017
http://dx.doi.org/10.1071/SR98084
http://dx.doi.org/10.1016/j.jappgeo.2011.07.005
http://dx.doi.org/10.1016/j.compag.2014.11.014
http://dx.doi.org/10.1016/j.compag.2004.11.002
http://dx.doi.org/10.1016/S0168-1699(00)00185-X
http://dx.doi.org/10.1016/j.compag.2004.11.003
http://dx.doi.org/10.1016/j.compag.2004.10.005


Sensors 2019, 19, 4293 23 of 26

46. Brevik, E.C.; Fenton, T.E.; Horton, R. Effect of daily temperature fluctuations on soil electrical conductivity as
measured with the Geonics EM38. Precis. Agric. 2004, 5, 145–152. [CrossRef]

47. Robinson, D.A.; Lebron, I.; Lesch, S.M.; Shouse, P. Minimizing Drift in Electrical Conductivity Measurements
in High Temperature Environments using the EM-38. Soil Sci. Soc. Am. J. 2004, 68, 339–345. [CrossRef]

48. Santos, V.R.N.; Porsani, J.L. Comparing performance of instrumental drift correction by linear and quadratic
adjusting in inductive electromagnetic data. J. Appl. Geophys. 2011, 73, 1–7. [CrossRef]

49. Keller, G.V.; Frischknecht, F.C. Electrical Methods in Geophysical Prospecting; Pergamon Press: Oxford, UK,
1966; pp. 30–33.

50. Sheets, K.R.; Hendrickx, J.M.H. Noninvasive soil water content measurement using electromagnetic induction.
Water Resour. Res. 1995, 31, 2401–2409. [CrossRef]

51. Besson, A.; Cousin, I.; Dorigny, A.; Dabas, M.; King, D. The temperature correction for the electrical resistivity
measurements in undisturbed soil samples: Analysis of the existing conversion models and proposal of a
new model. Soil Sci. 2008, 173, 707–720. [CrossRef]

52. Rhoades, J.D.; Chanduvi, F.; Lesch, S. Soil Salinity Assessment. Methods and Interpretation of Electrical
Conductivity Measurements; Irrigation and drainage paper No 57; FAO: Rome, Italy, 1999; p. 153.

53. Ma, R.; McBratney, A.; Whelan, B.; Minasny, B.; Short, M. Comparing temperature correction models for soil
electrical conductivity measurement. Precis. Agric. 2011, 12, 55–66. [CrossRef]

54. Huth, N.I.; Poulton, P.I. An electromagnetic induction method for monitoring variation in soil moisture in
agroforestry systems. Aust. J. Soil Res. 2007, 45, 63–72. [CrossRef]

55. Dalan, R.A. Magnetic Susceptibility. In Remote Sensing in Archaeology: An Explicitly North American Perspective;
Johnson, J.K., Ed.; University of Alabama Press: Tuscaloosa, AL, USA, 2006; pp. 161–203.

56. Simpson, D.; Van Meirvenne, D.; Lück, E.; Rühlmann, J.; Saey, T.; Bourgeois, J. Sensitivity of multi-coil
frequency domain electromagnetic induction sensors to map soil magnetic susceptibility. Eur. J. Soil Sci.
2010, 61, 469–478. [CrossRef]

57. Ernenwein, E.G.; Hargrave, M.L. Archaeological Geophysics for DoDField Use: A Guide for New and Novice
Users; Funded by the Environmental Security Technology Certification Program; Project 200611: Streamlined
Archaeogeophysical Data Processing and Integration for DoD Field Use; Corps of Engineers: Washington,
DC, USA, 2009.

58. McNeill, J.D. Rapid, Accurate Mapping of Soil Salinity Using Electromagnetic Ground Conductivity Meters;
Technical Note TN-18; Geonics Limited: Mississauga, ON, Canada, 1986.

59. Butler, D.K. Implications of magnetic backgrounds for unexploded ordnance detection. J. Appl. Geophys.
2003, 54, 111–125. [CrossRef]

60. Simpson, D.; Lehouck, A.; Verdonck, L.; Vermeersch, H.; Van Meirvenne, M.; Bourgeois, J.; Thoen, E.;
Docter, R. Comparison between electromagnetic induction and fluxgate gradiometer measurements on the
buried remains of a 17th century castle. J. Appl. Geophys. 2009, 68, 294–304. [CrossRef]

61. Dalan, R.A.; Bevan, B.W. Geophysical indicators of culturally emplaced soils and sediments. Geoarchaeology
2002, 17, 779–810. [CrossRef]

62. Wynn, J. Application of high-resolution geophysical methods to archaeology. Archaeological geology of
North America. Geol. Soc. Am. 1990, 4, 603–617.

63. Bourgault, G.; Joumel, A.G.; Rhoades, J.D.; Corwin, D.L.; Lesch, S.M. Geostatistical Analysis of a soil salinity
data set. Adv. Agron. 1997, 58, 241–292.

64. Schmidhalter, U.; Zintel, A.; Neudecker, E. Calibration of electromagnetic induction measurements to
survey the spatial variability of soils. In Proceedings of the 3rd European Conference Precision Agriculture,
Montpellier, France, 18–20 June 2001; pp. 479–484.

65. Nogués, J.; Robinson, D.A.; Herrero, J. Incorporating Electromagnetic Induction Methods into Regional Soil
Salinity Survey of Irrigation Districts. Soil Sci. Soc. Am. J. 2006, 70, 2075–2085. [CrossRef]

66. Boettinger, J.L.; Doolittle, J.A.; West, N.E.; Bork, E.W.; Schupp, E.W. Nondestructive assessment of rangeland
soil depth to petrocalcic horizon using electromagnetic induction. Arid. Soil Res. Rehabil. 1997, 11, 375–390.
[CrossRef]

67. Khakural, B.R.; Robert, P.C.; Hugins, D.R. Use of non-contacting electromagnetic inductive method for
estimating soil moisture across a landscape. Commun. Soil Sci. Plant Anal. 1998, 29, 2055–2065. [CrossRef]

68. Heath, J.; Challis, P.; Norman, C. Manual for Calibration of EM38. Agriculture Victoria-Natural Resources and
Environment; Institute of Sustainable Irrigated Agriculture, ILRI: Nairobi, Kenya, 1999; pp. 1–9.

http://dx.doi.org/10.1023/B:PRAG.0000022359.79184.92
http://dx.doi.org/10.2136/sssaj2004.3390
http://dx.doi.org/10.1016/j.jappgeo.2010.10.004
http://dx.doi.org/10.1029/95WR01949
http://dx.doi.org/10.1097/SS.0b013e318189397f
http://dx.doi.org/10.1007/s11119-009-9156-7
http://dx.doi.org/10.1071/SR06093
http://dx.doi.org/10.1111/j.1365-2389.2010.01261.x
http://dx.doi.org/10.1016/j.jappgeo.2003.08.022
http://dx.doi.org/10.1016/j.jappgeo.2009.03.006
http://dx.doi.org/10.1002/gea.10042
http://dx.doi.org/10.2136/sssaj2005.0405
http://dx.doi.org/10.1080/15324989709381490
http://dx.doi.org/10.1080/00103629809370093


Sensors 2019, 19, 4293 24 of 26

69. Dalgaard, M.; Have, H.; Nehmdal, H. Soil clay mapping by measurements of electromagnetic conductivity.
In Proceedings of the 3rd European Conference on Precision Agriculture, Montpellier, France, 18–20 June
2001; pp. 367–372.

70. Bork, E.W.; West, N.E.; Doolittle, J.A.; Boettinger, J.L. Soil depth assessment of sagebrush grazing treatments
using electromagnetic induction. J. Range Manag. 1998, 51, 469–474. [CrossRef]

71. Norman, C.P. Training Manual on the Use of the EM38 for Soil Salinity Appraisal; Technical Report Series No.
181; Department of Agriculture and Rural Affairs: Victoria, BC, Canada, 1990.

72. Slavich, P. Ground based electromagnetic induction measures of soil electrical conductivity. Applications
and models to assist interpretation. In Proceedings of the Conference Held at Yanco Agricultural Institute,
Electromagnetic Techniques for Agricultural Resource Management, Yanco, New South Wales, Australia,
3–5 July 2001.

73. Cockx, L.; Van Meirvenne, M.; De Vosm, B. Using the EM38DD Soil Sensor to delineate claylenses in a sandy
forest soil. Soil Sci. Soc. Am. J. 2007, 71, 1314–1322. [CrossRef]

74. Martinez, G.; Vanderlinden, K.; Ordóñez, R.; Muriel, J. Can Apparent Electrical Conductivity Improve the
Spatial Characterization of Soil Organic Carbon? Vadose Zone J. 2009, 8, 586–593. [CrossRef]

75. Vanderlinden, K.; Martínez, G.; Giráldez, J.V.; Muriel, J.L. Characterizing Soil Management Systems using
Electromagnetic Induction. In Proceedings of the 19th World Congress of Soil Science, Soil Solutions for a
Changing World August 2010, Brisbane, Australia, 1–6 August 2010; pp. 37–40.

76. Sudduth, K.A.; Kitchen, N.R. Mapping soil electrical conductivity. In Remote Sensing for Agriculture and the
Environment; Stamatiadis, S., Lynch, J.M., Schepers, J.S., Eds.; U.S. Department of Agriculture Agricultural
Research Service: Larissa, Greece, 2004; pp. 188–201.

77. Zhu, Q.; Lin, H.S.; Doolittle, J. Repeated Electromagnetic Induction Surveys for Improved Soil Mapping in
an Agricultural Landscape Pedosphere. Soil Sci. Soc. Am. J. 2010, 74, 1763–1774. [CrossRef]

78. Maier, G.; Scholger, R.; Schön, J. The influence of soil moisture on magnetic susceptibility measurements.
J. Appl. Geophys. 2006, 59, 162–175. [CrossRef]

79. Gebbers, R.; Lück, E.; Heil, K. Depth sounding with the EM38-detection of soil layering by inversion of
apparent electrical conductivity measurements. In Proceedings of the 6th European Conference on Precision
Agriculture, Skiathos, Greece, 3–6 June 2007; pp. 373–378.

80. Zhdanov, M.S.; Keller, G.V. The Geoelectrical Methods in Geophysical Exploration; Methods in Geochemistry and
Geophysics 31; Elsevier: Amsterdam, The Netherlands, 1994.

81. Mester, A.; van der Kruk, J.; Zimmermann, E.; Vereecken, H. Quantitative two-layer conductivity inversion of
multi-configuration electromagnetic induction measurements. Vadose Zone J. 2011, 10, 1319–1330. [CrossRef]

82. Borchers, B.; Uram, T.; Hendrickx, J.M.H. Tikhonov Regularization of Electrical Conductivity Depth Profiles
in Field Soils. SSSAJ 1997, 61, 1004–1009. [CrossRef]

83. Corwin, D.L.; Rhoades, J.D. An improved technique for determining soil electrical conductivity—Depth
relations from above-ground electromagnetic measurements. Soil Sci. Soc. Am. J. 1982, 46, 517–520.
[CrossRef]

84. Corwin, D.L.; Rhoades, J.D. Measurement of inverted electrical conductivity profiles using electromagnetic
induction. Soil Sci. Soc. Am. J. 1984, 48, 288–291. [CrossRef]

85. Wollenhaupt, N.C.; Richardson, J.L.; Foss, J.E.; Doll, E.C. A rapid method for estimating weighted soil salinity
from apparent soil electrical conductivity measured with an aboveground. Electromagnetic induction meter.
Can. J. Soil Sci. 1986, 66, 315–321. [CrossRef]

86. Slavich, P.G.; Yang, Y. Estimation of field scale leaching rates from chloride mass balance and electromagnetic
induction measurements. Irrig. Sci. 1990, 11, 7–14. [CrossRef]

87. McBratney, A.B.; Bishop, T.F.A.; Teliatnikov, I.S. Two soil profile reconstruction techniques. Geoderma 2000,
87, 209–221. [CrossRef]

88. Deidda, G.P.; Bonomi, E.; Manzi, C. Inversion of electrical conductivity data with Tikhonov regularization
approach: Some considerations. Ann. Geophys. 2003, 46, 549–558.

89. Li, H.Y.; Shi, Z.; Webster, R.; Triantafilis, J. Mapping the three-dimensional variation of soil salinity in a
rice-paddy soil. Geoderma 2013, 195, 31–41. [CrossRef]

90. Triantafilis, J.; Monteiro Santos, F.A. 2-dimensional soil and vadosezone representation using an EM38 and
EM34 and a laterally constrained inversion model. Aust. J. Soil Res. 2009, 47, 809–820. [CrossRef]

http://dx.doi.org/10.2307/4003336
http://dx.doi.org/10.2136/sssaj2006.0323
http://dx.doi.org/10.2136/vzj2008.0123
http://dx.doi.org/10.2136/sssaj2010.0056
http://dx.doi.org/10.1016/j.jappgeo.2005.10.001
http://dx.doi.org/10.2136/vzj2011.0035
http://dx.doi.org/10.2136/sssaj1997.03615995006100040002x
http://dx.doi.org/10.2136/sssaj1982.03615995004600030014x
http://dx.doi.org/10.2136/sssaj1984.03615995004800020011x
http://dx.doi.org/10.4141/cjss86-032
http://dx.doi.org/10.1007/BF00189989
http://dx.doi.org/10.1016/S0016-7061(00)00039-2
http://dx.doi.org/10.1016/j.geoderma.2012.11.005
http://dx.doi.org/10.1071/SR09013


Sensors 2019, 19, 4293 25 of 26

91. Li, H.Y.; Li, F.H.; Shi, Z.; Huang, M.X. Three Dimensional Variability of Soil Electrical Conductivity Based
on Electromagnetic Induction Approach. In Proceedings of the Artificial Intelligence and Computational
Intelligence (AICI), International Conference on IEEE, Sanya, China, 23–24 October 2010; pp. 219–223.

92. Lavoué, F.; Van Der Kruk, J.; Rings, J.; André, F.; Moghadas, D.; Huisman, J.A.; Lambot, S.; Weihermüller, L.;
Vanderborght, J.; Vereecken, H. Electromagnetic induction calibration using apparent electrical conductivity
modelling based on electrical resistivity tomography. Near Surf. Geophys. 2010, 8, 553–561. [CrossRef]

93. Thiesson, J.; Kessouri, P.; Schamper, C.; Tabbagh, A. Calibration of frequency-domain electromagnetic devices
used in near-surface surveying. Near Surf. Geophys. 2000, 12, 481–491. [CrossRef]

94. Moghadas, D.; Andre, F.; Vereecken, H.; Lambot, S. Efficient loop antenna modeling for zero-offset, off-ground
electromagnetic induction in multilayered media. Geophysics 2010, 75, WA125–WA134. [CrossRef]

95. Von Hebel, C.; Rudolph, S.; Mester, A.; Huisman, J.A.; Kumbhar, P.; Vereecken, H.; van der Kruk, J.
Three-dimensional imaging of subsurface structural patterns using quantitative large-scale multiconfiguration
electromagnetic induction data. Water Resour. Res. 2014, 50, 2732–2748. [CrossRef]

96. Morris, E.R. Height-above-ground effects on penetration depth and response of electromagnetic induction
soil conductivity meters. Comput. Electron. Agric. 2009, 68, 150–156. [CrossRef]

97. Brevik, E.C.; Fenton, T.E.; Lazari, A. Differences in EM-38 readings taken above crop residues versus readings
taken with instrument-ground contact. Precis. Agric. 2003, 4, 351–358. [CrossRef]

98. Heckman, E. Geophysical Methodologies and Test Site for Battlefield Archaeology. Master’s Thesis, University
of Arkansas, Fayetteville, AR, USA, 2005.

99. Ernenwein, E.G.; Hargrave, M.L. Archaeological Geophysics for DoDField Use: A Guide for New and Novice Users;
Environmental Security Technology Certification Program, Corps of Engineers: Washington, DC, USA, 2007.

100. Panissod, C.; Dabas, M.; Jolivat, A.; Tabbagh, A. A novel mobile multipole system (MUCEP) for shallow (0–3
m) geoelectrical investigation: The ‘Vol-de-canards’ array. Geophys. Prospect. 1998, 45, 983–1002. [CrossRef]

101. Kimble, J.M.; Doolittle, J.; Taylor, R.; Windhorn, R.; Gerken, J. The Use of EMI and Electrical Instruments for
Estimating Soil Properties to Help in Mapping. In AGU Fall Meeting Abstracts; American Geophysical Union:
Washington, DC, USA, 2001.

102. Saey, T.; Simpson, D.; Vermeersch, H.; Cockx, L.; Van Meirvenne, M. Comparing the EM38DD and
DUALEM-21S sensors for depth-to-clay mapping. SSSAJ 2008, 73, 7–12. [CrossRef]

103. Sudduth, K.A.; Kitchen, N.R.; Brenton Myers, D.; Drummond, S.T. Mapping Depth to Argillic Soil Horizons
Using Apparent Electrical Conductivity. J. Environ. Eng. Geophys. 2010, 15, 135–146. [CrossRef]

104. Doolittle, J.A.; Indorante, S.J.; Potter, D.K.; Hefner, S.G.; McCauley, W.M. Comparing three geophysical tools
for locating sand blows in alluvial soils of southeast Missouri. J. Soil Water Conserv. 2002, 57, 175–182.

105. Sudduth, K.A.; Kitchen, N.R.; Drummond, S.T. Soil conductivity sensing on claypan soils: Comparison of
electromagnetic induction and direct methods. In Applications of Electromagnetic Methods Agriculture; Geonics
Limited: Mississauga, ON, Canada, 2003.

106. Gebbers, R.; Lück, E.; Dabas, M.; Domsch, H. Comparison of instruments for geoelectrical soil mapping at
the field scale. Near Surf. Geophys. 2009, 7, 179–190. [CrossRef]

107. Priori, S.; Martini, E.; Costantini, E.A.C. Three proximal sensors for mapping skeletal soils in vineyards.
In Proceedings of the 19th World Congress of Soil Science, Soil Solutions for a Changing World 121, Brisbane,
Australia, 1–6 August 2010.

108. Fulton, A.; Schwankl, L.; Lynn, K.; Lampinen, B.; Edstrom, J.; Prichard, T. Using EM and VERIS technology
to assess land suitability for orchard and vineyard development. Irrig. Sci. 2011, 29, 497–512. [CrossRef]

109. Toy, C.W.; Steelman, C.M.; Endres, A.L. Comparing electromagnetic induction and ground penetrating radar
techniques for estimating soil moisture content. In Proceedings of the 13th International Conference on IEEE,
Ground Penetrating Radar (GPR), Lecce, Italy, 21–25 June 2010; pp. 1–6.

110. Lilienthal, H.; Itter, C.; Rogasik, J.; Schnug, E. Comparison of different geo-electric measurement techniques
to detect field variability of soil parameters Landbauforschung Völkerode. Landbauforsch. Volkenrode 2005,
55, 237–243.

111. Mankin, K.R.; Ewing, K.L.; Schrock, M.D.; Kluitenberg, G.J. Field Measurement and Mapping of Soil Salinity in
Saline Seeps; ASAE Paper No. 973145; ASAE: Washington, DC, USA, 1997.

112. Beecher, H.G. Better Prediction of Groundwater Recharge from Rice Growing; Final Research Report; CRC: Boca
Raton, FL, USA, 2005; p. 49.

http://dx.doi.org/10.3997/1873-0604.2010037
http://dx.doi.org/10.3997/1873-0604.2014012
http://dx.doi.org/10.1190/1.3467936
http://dx.doi.org/10.1002/2013WR014864
http://dx.doi.org/10.1016/j.compag.2009.05.009
http://dx.doi.org/10.1023/A:1026319307801
http://dx.doi.org/10.1046/j.1365-2478.1997.650303.x
http://dx.doi.org/10.2136/sssaj2008.0079
http://dx.doi.org/10.2113/JEEG15.3.135
http://dx.doi.org/10.3997/1873-0604.2009011
http://dx.doi.org/10.1007/s00271-010-0253-1


Sensors 2019, 19, 4293 26 of 26

113. Mahmood, H.S.; Hoogmoed, W.B.; Van Henten, E.J. Combined sensor system for mapping soil properties.
In Proceedings of the 7th European Conference on Precision Agriculture, Precision Agriculture 2009,
Wageningen, The Netherlands, 6–8 July 2009; pp. 423–430.

114. Adamchuck, V.I.; Viscarra Rossel, R.A.; Sudduth, K.A.; Lammers, P.S. Sensor fusion for precision agriculture.
In Sensor Fusion—Foundation and Applications; Thomas, C., Ed.; InTech: Rijeka, Croatia, 2011; pp. 27–40.

115. Kuang, B.; Mahmood, H.S.; Quraishi, Z.; Hoogmoed, W.B.; Mouazen, A.M.; Van Henten, E.J. Sensing soil
properties in the laboratory, in situ and on-line—A review. Adv. Agron. 2012, 114, 155–223.

116. Mahmood, H.S.; Hoogmoed, W.B.; Van Henten, E.J. Sensor data fusion to predict multiple soil properties.
Precis. Agric. 2012, 13, 628–645. [CrossRef]

117. Buchanan, S.; Triantafilis, J. Mapping Water Table Depth Using Geophysical and Environmental Variables.
Ground Water 2009, 47, 80–96. [CrossRef]

118. Piikki, K.; Söderström, M.; Stenberg, B. Sensor data fusion for topsoil clay mapping. Geoderma 2013, 199,
106–116. [CrossRef]

119. Wong, M.T.F.; Witter, K.; Oliver, Y.; Robertson, K.J. Use of EM38 and Gamma Ray Spec-Trometry as
Complementary Sensors for High-Resolution Soil Property Mapping. In Proximal Soil Sensing; Rossel, R.A.V.,
McBratney, A.B., Minasny, B., Eds.; Springer: Dordrecht, The Netherlands, 2010; pp. 343–349.

120. Taylor, J.; Short, M.; McBratney, A.B.; Wilson, J. Comparing the Ability of Multiple Soil Sensors to Predict Soil
Properties in a Scottish Potato Production System. In Proximal Soil Sensing; Rossel, R.A.V., McBratney, A.B.,
Minasny, B., Eds.; Springer: Dordrecht, The Netherlands, 2010; pp. 387–396.

121. Rodionov, A.; Angst, G.; Amelung, W.; Pätzold, S.; Welp, G. Gamma-Ray Spectrometry and Electromagnetic
Induction as Complementary Tools to map Soil Properties with a High Spatial Resolution; Leibniz-Institut für
Agrartechnik Potsdam-Bornim e.V. (ATB): Potsdam, Germany, 2013.

122. De Benedetto, D.; Diacono, M.A.; Rinaldi, M.; Ruggieri, S.; Tamborrino, R. Field partition by proximal and
remote sensing data fusion. Biosyst. Eng. 2013, 144, 372–383. [CrossRef]

123. Lück, E.; Ruehlmann, J. Resistivity mapping with GEOPHILUS ELECTRICUS—Information about lateral
and vertical soil heterogeneity. Geoderma 2013, 199, 2–11. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11119-012-9280-7
http://dx.doi.org/10.1111/j.1745-6584.2008.00490.x
http://dx.doi.org/10.1016/j.geoderma.2012.10.007
http://dx.doi.org/10.1016/j.biosystemseng.2012.12.001
http://dx.doi.org/10.1016/j.geoderma.2012.11.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory 
	Principles of Conductivity Measurements 
	Models of ECa 
	Principles of EM38 Measurements 

	Application of EM38 
	Performance of EM38 Measurements in Practice 
	Calibration of EM38 
	Consideration of Soil Temperature 
	Magnetic Susceptibility 

	Comparison of ECav with ECah 
	Comparison of ECa and Depth Weighted or Non-Depth Weighted Soil Properties 
	Measurements under Different Wetness Conditions 
	Modelling ECa Gradient (with Increasing Depth) from EM38 Readings 
	Additional Aspects of Special Applications 

	Comparison of EM38 with Other Conductivity/Resistivity Soil Sensors 
	EM38 Fusion with Other Sensors 
	Closing Remarks and Future Research 
	References

