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Abstract: Seeds require adequate soil moisture prior to planting, and pre-sowing irrigation depth
(PSID) represents the optimum seed moisture level. This work proposes a new methodology to
obtain soil physical properties and PSID, that includes the application of the electromagnetic profiling
method (EMP) as a fast and non-invasive technique. Soil electrical resistivity measurements obtained
from an EMP survey are combined with soil moisture and salinity information as experimental input
for the PetroWin program. The PetroWin program uses Ryjov’s theoretical model to determine fines
content and porosity, and then, PSID values are determined. At the study site, variations in soil
resistivity were controlled by variations in fines content and soil moisture, and not by variations in
soil salinity. The rooting depth of the crops was limited by a soil thickness of 0.6 m. A PSID between 8
and 9 cm was determined for the site, resulting in a total water volume required of 5313 m?3 to ensure
that soil moisture reaches the field capacity. The proposed methodology constitutes an effective and
efficient tool for the determination of the physical properties and irrigation parameters of agricultural
soils and, consequently, for the sustainable use of irrigation water.

Keywords: pre-sowing irrigation depth; soil physical properties; Ryjov’s theoretical model; soil
electrical resistivity; electromagnetic profiling

1. Introduction

Agricultural activity consumes 70% of the water withdrawn in the world and it is
expected that competition for water resources in this area will increase soon [1]. The use
of water-optimizing irrigation techniques is essential to achieve sustainable agriculture,
especially in arid and semiarid regions [2].

The variability observed in crops is the result of the complex interaction between
various parameters such as soil texture, compaction, erosion, and the uneven application of
fertilizer and irrigation [2,3]. Traditionally, to evaluate the characteristics of agricultural
soils, soil samples are collected to determine properties based on chemical and textural
analysis. More recently, indirect techniques such as Global Navigation Satellite Systems
(GNSS), remote sensing with satellite imagery, and drones equipped with multispectral
cameras [4-8] have been used to investigate the spatio-temporal variability of the factors
that define the optimization of fertilizers and irrigation, thus reducing the environmental
impacts of agricultural activity. These techniques and procedures are known as “Precision
Agriculture”, where the challenge is the study and mapping of soil properties in the most
accurate, fastest, and most economical way possible [9,10].
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Recent advances in instrumentation have made geophysical methods a robust, cost-
effective, and non-invasive tool for soil study. Agricultural geophysics is a set of non-
invasive methods applied to obtain information on soil properties [11,12]. The two groups
of geophysical methods most used for the implementation of precision agriculture are
electrical (Electrical Resistivity Tomography, Electrical Profiling) and electromagnetic (Elec-
tromagnetic Profiling and Penetrating Radar), proving to be cost-effective for soil electrical
resistivity mapping [13-15].

The electrical resistivity of soil depends on three main factors: soil texture, moisture,
and salinity. The effectiveness of irrigation-water management depends on knowledge
of the agricultural soil texture [16]. The content of fines particles and sand, and therefore
the soil porosity, determines the water holding capacity. For a proper determination
of the physical properties of the soil (fines content and porosity) based on its electrical
resistivity, it is necessary to consider variations in the amount and salinity of pore water [17].
Tso et al. [18] demonstrated the inaccuracy of converting geoelectric sections obtained from
the application of the Electrical Resistivity Tomography (ERT) method to moisture images,
without considering other factors such as changes in texture and/or pore water salinity.
Ozegin et al. [19] presented successful results on the application of the ERT method in the
determination of chemical properties of agricultural soils. Correlation analyses between
the results of chemical analyses performed on soil samples and geoelectric models were
required for the estimation of soil chemical properties.

A theoretical model of the soil was reported by Ryjov and Shevnin [20] based on elec-
trical conductivity (or its inverse, resistivity), considering both geometrical microstructure
and electrochemical processes for wide ranges of moisture, pore water salinity, and clay
concentrations. The theoretical soil model integrates the values of electrical resistivity, soil
moisture and soil salinity obtained at a study site as input data to the PetroWin program,
solving both the direct and inverse problems [20]. The solution of the forward problem
consists of the calculation of soil resistivity values based on the properties of a poorly
consolidated or unconsolidated formation (mixture of sand and fines). The solution of
the inverse problem consists of estimating the fines content, porosity, and cation exchange
capacity (CEC) from knowledge of the soil resistivity vs. pore water salinity. The PetroWin
program was successfully used in Mexico for environmental impact studies of the oil
industry. Delgado-Rodriguez et al. [21] developed a new methodology based on electri-
cal measurements and Ryjov’s theoretical model to determine the geoelectric boundary
between clean and hydrocarbon-contaminated soils [22-25].

Ryjov’s theoretical model, under the PetroWin program, was used in the study of
agricultural soils for the first time by Delgado-Rodriguez et al. [26]. In a small plot located
near the city of Oaxaca, Mexico, soil samples were collected to determine the fines content
using two techniques: (1) by means of Ryjov’s model using soil electrical, salinity and,
temperature measurements performed in a laboratory, and (2) the traditional Bouyoucos
procedure, both results showing a good statistical correlation and giving reliability to
Ryjov’s model. In addition, the resistivity sections, obtained from ERT surveys, were
converted to fines content sections. In this case, the fines content sections showed fair
correlation with the Bouyoucos results, due to the impossibility of obtaining reliable values
of moisture and salinity for the entire soil profile. Both methods (electrical measurements
on soil samples in the laboratory and ERT) are unsuitable for studying large extensions
of agricultural soil due to their low efficiency. For the second experiment, the theoretical
model was used for the study of a 10-ha agricultural plot, where the electrical profiling (EP)
method was used to obtain the apparent resistivity values. In this case, as the EP method
is faster than the ERT one, an important step forward was achieved in the application of
Ryjov’s theoretical model in studies of larger plots sizes. The values of the fines content
determined by the traditional Bouyoucos method and by Ryjov’s theoretical model, using
the EP method, showed a coefficient of determination (R?) value of 0.91. Maps of the fines
content, porosity and hydraulic conductivity were obtained [27]. In a third case study, the
EP method was again applied on 20.6 ha distributed over three barley crop plots. The Ryjov
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theoretical model allowed CEC maps to be obtained. The behavior of the CEC in the three
plots was consistent with crop yields since there was no irrigation system or fertilization
activities [28].

The Ryjov theoretical model allows the estimation of soil physical properties without
requiring direct measurements at the study site to calibrate results. The determination of the
fines (and porosity) content is performed by integrating electrical resistivity, moisture, and
salinity values as input data to the PetroWin program. No direct textural determinations
performed on soil samples in the laboratory are required.

Damage to crops due to drought is considerable, while water resources are limited.
Because of this, there is a need for proper irrigation strategies that include the use of optimal
amounts of water. Seeds require adequate soil moisture prior to planting. Pre-sowing
irrigation depth (PSID) is the irrigation lamina that ensures optimum moisture prior to
planting for the effective rooting zone, reaching the soil at its field capacity.

In this work, fines content and soil porosity values are calculated from soil resistivity,
moisture and salinity values using the PetroWin Program, and PSID is determined. The
electromagnetic profiling (EMP) method, being a faster technique than the EP one, is
applied to obtain the apparent electrical resistivity measurements of the soil. Soil moisture
and salinity measurements are determined in situ and in the laboratory, respectively.

2. Materials and Methods
2.1. Study Site

For the application of the methods described previously, an area of study of 6 ha,
split into five agricultural plots, was selected. The site is in the municipality of San Felipe,
Guanajuato, Mexico (Figure 1), with a mean altitude of 2089 m.a.s.l. with predominantly
Phaeozem and Luvisol soils [29].
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Figure 1. Study area of 6 ha split into five agricultural plots. A small area not used to crop is separated
by dashed red lines.

2.2. Measurement of Soil Electrical Resistivity

The geoelectrical methods most used in soil studies are the EP and EMP methods. Now,
the question arises: which electrical or electromagnetic method is more convenient for use
in agricultural soil surveys? The EP method needs more instrumentation and accessories
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(cable reels, resistivity meter, and batteries) and requires the use of steel electrodes with
good galvanic contact with the soil. The EMP method has the advantage of being faster
than EP since no galvanic contact with the soil is needed; however, it is more sensitive to
electromagnetic noise [30]. Plots may include a metallic pipeline irrigation system, which
can affect an EMP survey; however, irrigation systems are commonly composed of HDPE
pipes, which do not affect the electromagnetic measurements.

To perform an EMP survey, a transmitter and receiver coils are arrayed near the ground
surface either in horizontal or vertical planes, operating into the low induction number.
The electromagnetic signal of frequency f is directly detected as a primary magnetic field in
the receiver coil. The alternating current generated in the transmitter coil induces currents
in the subsurface, which in turn create a secondary magnetic field that is also detected in
the receiver coil. The relationship between both magnetic fields (primary and secondary)
in the receiver coil is given by the following equation [30]:

Hs _ iwpgoS? 1
e (1)
where:

Hs = secondary magnetic field (A.m™1).

Hp = primary magnetic field (A.m~1).

w = 2m f, where f = signal frequency (Hz).

1o = vacuum magnetic permeability (H.m™1).

o = conductivity of the soil (S.m~!)

S = separation between receiver and transmitter coils (m).

i=+-1

Soil is a heterogeneous medium consisting of solid material with pores, which are
filled with water and air. Therefore, the soil conductivity value determined by the EMP
method is called apparent conductivity. Apparent conductivity () can be calculated using

the following expression [30]:
o (e o
“ 7 wppS2\ Hp

In this work, an EMP instrument was used for the resistivity survey. The CMD Mini-
Explorer 6L (GF Instruments, Brno, Czech Republic) is an EMP multifrequency instrument
consisting of a probe with one transmitter coil (Tx) and six receiver coils (Ry) located at dif-
ferent separations (S) from Tx. A probe holder with a Bluetooth unit enables easy handling
of the equipment (Figure 2). By using a control unit with Global Position System (GPS)
(Figure 2), georeferenced ¢, values in mS.m ™! are obtained in both manual and automatic
modes [31].

Probe holder GPS
with bluetooth unit

Control

Probe unit

Figure 2. CMD MiniExplorer 6L meter including probe with one Tx coil and six Ry coils, probe holder
with a Bluetooth unit and control unit with GPS.

Different values of S and f allow six values of ¢, to be obtained simultaneously at the
same point, using the Equation (2), for six different depths of study, and for each type of
polarization of the electromagnetic field (Table 1).
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Table 1. Maximum study depths reached by CMD MiniExplorer 6L meter for the different separations
(S) between Ty and Ry coils. VP = Vertical Polarization, HP = Horizontal Polarization.

Depth VP/Depth HP S
0.30/0.15m 0.20m
0.50/0.25m 0.33m
0.80/0.40 m 0.50 m
1.10/0.50 m 0.72m
1.60/0.80 m 1.03 m
2.30/1.10 m 1.50 m

Resistivity is the reciprocal of conductivity [32]. To facilitate the interpretation of the
geoelectrical results, the ¢, values in mS.m~! are converted into apparent resistivity values
(pa) in Ohm.m by: p, = 1000/0,. However, it is necessary to make sure that the p, value
corresponds to the soil layer and does not include the contribution of the bedrock. Let us
assume a geological medium with a soil thickness equal to i1; and resistivity p1, overlying a
basement of resistivity p,. If the current flow injected at the surface reaches a study depth
greater than /i, then the p, value includes the contribution of p; and p;. On the other hand,
when the maximum study depth reached by the current flow does not exceed k1, the p,
value will be like p; (soil electrical resistivity). Therefore, it is possible to use the EMP
method to determine soil electrical resistivity if the agricultural soil thickness is greater
than the study depth.

An important advantage of this EMP meter is the ability to convert a section of o,
values obtained along a profile into a section of p, values, resulting from the application of
the ERT method in a Schlumberger array. The p, section can be inverted into a section of
true resistivities using the Res2DInv program [33], which can define the thickness of the
agricultural soil. Hereafter, we will refer to the application of the ERT method from EMP
measurements along a profile as the ERT-EMP method.

EMP measurements were performed in two ways: on routes and on profiles (Figure 3).
The measurements on routes allowed the obtaining of ¢,; values in an approximate grid
of 10 x 10 m, facilitating the construction of the apparent resistivity maps. Automatic
and geo-referenced measurements of 0, on routes were performed in each agricultural
plot of the site. Considering walking at an average speed of 5 km.h~!, an acquisition of
conductivity measurement every 7 s was programmed, while the paths were separated by
approximately 10 m to have an approximate data network of 10 m x 10 m.

Figure 3. Electrical conductivity survey using the EMP meter on route or on profile.
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Measurements of ¢, on profiles, with an approximate interval of 0.5 m, would allow
the obtaining of two-dimensional resistivity sections through the ERT-EMP method. To
determine the soil thickness at the study site, one ERT-EMP profile was performed on
each plot.

2.3. Measurement of Soil Moisture and Salinity

The value of the electrical resistivity of the soil depends on its moisture, so simultane-
ous acquisition of both magnitudes is needed. Soil moisture measurements can be taken
in situ using a soil moisture meter. In this work, moisture values were obtained using a
Lutron PMS-714 meter with a 20 cm stainless steel probe. One hundred and ninety-four
moisture measurements were obtained to create the soil moisture map.

Another factor that significantly influences the p, value is soil salinity; just as in the
case of moisture, soil salinity is inversely proportional to soil resistivity. Because of this,
both magnitudes, salinity, and moisture, must be considered together with p, to determine
the physical properties of the soil. To determine soil salinity, the most frequent method
used is the saturated paste extract. The application of this method requires that enough
soil samples are collected to ensure an adequate mapping of the spatial variation of soil
salinity. Forty-one soil samples were collected to determine soil salinity. Sample collection
was carried out manually by digging a 0.3 x 0.3 m area to a depth of 0.4 m. Subsequently,
at each sampling point, the collected soil was homogenized and quartered to take a soil
sample of about 1 kg. Soil samples were air-dried, homogenized, and sieved at <2 mm.
Subsequently, 100 mL of distilled water was added to 20 g of each soil sample and mixed
properly [4]. Pore water was extracted by vacuum using a Kitazate flask, a Buchner funnel,
and a Whatman No. 42 filter. Finally, electrical conductivity was measured using a Thermo
Fisher Scientific digital multiparameter model calibrated at 25 °C and, consequently, the
soil salinity was determined based on the electrical conductivity value.

2.4. Determination of Soil Physical Properties from Electrical Measurements Using the Ryjov ‘s
Soil Model

Ryjov’s theoretical model includes the components of unconsolidated sediments and
the estimation of the electrochemical resistivity of pore water, which allows the calculation
of the resistivity of the rock [20]. This model is composed of hollow cylinder-like capillaries
of different radii, forming an insulating structure. For the sand component, the insulating
structure has wide pores, which prevent the effect of the electrical double layer (EDL). For
the fines particulate component (clay and silt) the capillaries are narrow or very narrow
and commensurate with the thickness of the EDL. EDL thickness is inversely proportional
to pore water salinity. The bulk porosity of the soil sample is calculated considering the
porosities of the sand and fines components. The bulk porosity ¢ of the soil can be
determined by the following equations:

Pt = ((psand - Cfines) *+ @fines Cfinesr when Cﬁnes < @Psand (3)

@t = Cines ©finess When Cines > ©gand 4)

In case all capillaries are connected in parallel, the bulk conductivity of the soil (ot)
can be simplified as follows:

Oprl = Ofinescap Pfines Cines + Osandcap ((Psand - Cfines)/ (5)

where 0y, is the bulk conductivity of a soil with parallel connections of capillaries, Cpines is
the volumetric fines content (clay + silt) in a sand-fines mixture, @g,,4 is the porosity of
the sand component, @fines is the porosity of the fines component, Ofinescap is the electrical
conductivity of the fines component, and Ofinescap is the electrical conductivity of the

sand component.
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In the case of capillaries connected in parallel, o} is simplified to:

Oser = [(1 — Chines/ Psand) (1/ Psand 0-sanclcap) + (Cines/ ®sand) (1/ Psand Pfines O-finescap)]/ (6)

In common cases of the presence of parallel and series connections in the same soil
capillary system, oy is calculated according to:

Ot = Mcrprl + (1 — M) 0ser, when Ceines < @sand, @)

where M is a volumetric part of parallel capillaries and 1 — M is a volumetric part of
serial capillaries.
When Cipes > ©sand, the oy is equal to:

Ot = Ofinescap Cines Pfines 8

This model is described in detail in [25].

The process of calculating the fines content and porosity of the soil is as follows. From
apparent resistivity, soil moisture and salinity maps, a 10 m x 10 m grid value is defined as
experimental input information for the PetroWin program [20].

By solving the forward problem, a grid of theoretical soil resistivity values like the
experimental one is constructed, and the Root Mean Square Error (RMSE) between both
sets of values is determined. An iterative process of minimization of the RMSE is performed
using the PetroWin program. Finally, once the RMSE is minimized, the theoretical model is
defined at each grid point, which allows the construction of the fines content and porosity
maps of the site as a solution of the inverse problem.

2.5. Calculation of the Pre-Sowing Irrigation Depth (PSID)

For agricultural soils it is crucial to know the irrigation parameters that define the
optimum water volume for healthy crop growth and soil conservation. Among these
parameters are the following: Available Water (AW) content is the volume of pore water
that is used by crops, Field Capacity (FC) is the superior limit of AW, this being the moisture
after the soil is drained by gravity, and the Permanent Wilting Point (PWP) is the volume
of pore water that is not usable by the plant. Once the soil moisture drops to the PWP, if
water is not added to the soil the plant begins to wilt. The amount of soil water usable by
the plant, which lies between the FC and PWP limits, up to the rooting depth, must then be
provided before planting.

FC values were determined based on texture from the following equation [34]:

FC = 0.332 — 7.25110 *Cygyg + 0.1276l0g; o Cines )

The PWP is calculated using the equation [35]:
PWP = -5+ 0.74FC (10)

Mathematically, AW is the difference between FC and PWP.

Bulk density depends on the structural condition of the soil and is therefore consid-
ered a dynamic property. The bulk density of a soil sample is the weight of the sample
divided by its bulk volume. The bulk density value is used to determine whether the soil
porosity allows for storing the air and water necessary for root penetration and proper
plant development [36]. Therefore, bulk density is also used to evaluate the compaction of
agricultural soils and its negative effects on crop yields [37]. Brogowski et al. [38] describe
procedures for calculating bulk density (d;) from soil porosity (), which is determined as
a function of the particle size in the different textural fractions. In this work, the §, was
calculated from soil porosity values determined using the PetroWin program, by means of
the simplified relation [39]:

8y = 0p — (65) (11)
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where: J) is the average density of the soil particles equal to 2.63 g.cm 3 and 0 is the soil
porosity in percentage.

Finally, values of FC, PWP, J; and the rooting depth (RD) are used to calculate the
PSID using the equation [40]:
AWS,RD

PSID =
5 100

(12)
3. Results
3.1. ERT-EMP Results

Figure 4 shows the resistivity section obtained in the plot used for sweet sorghum crops
(Figure 1) using the Res2DInv program [33]. A superficial layer of thickness between 0.3
and 0.6 m was found with a wide resistivity range between 80 and 250 Ohm.m. Underlying
the resistive superficial layer, a second layer shows resistivity values varying between 35
and 80 Ohm.m, which corresponds to weathered tepetate. Finally, a rather homogeneous
layer of resistivity values below 30 Ohm.m defines a conductive basement.

soil
profile

0 10 20 30 40 50 60 70 80 90 100 110
Distance, m

Figure 4. (A) Resistivity section from ERT-EMP procedure obtained in the plot used for sweet
sorghum crops. (B) Soil profile observed near to profile ERT-EMP.

An excavation performed at X = 52 m of the profile (Figure 4B) shows a soil thickness of
0.6 m (topsoil, Figure 4A), over a fractured and weathered hardened conductive soil named
tepetate (second layer, Figure 4A) as parent material. At a depth of 1 m, non-fractured
tepetate is found (conductive basement, Figure 4A). For the other agricultural plots, similar
results were obtained from ERT-EMP survey, and therefore a mean soil thickness of 0.6 m
can be assumed for the study area.

3.2. Apparent Resistivity, Moisture, and Salinity Maps

At each measurement point, as mentioned above, the EMP device records six ¢, values
corresponding to six different survey depths. Therefore, the measurements over routes
generate six soil resistivity maps for maximum survey depth values between 0.3 m and
2.3 m (see Table 1). Which resistivity map adequately represents the variation of the true
soil resistivity? The highest resistivity values are presented for the 0.3 m study depth (see
Figure 4A). The shallowest part of the topsoil is frequently disturbed by agricultural tillage
such as plowing. Consequently, the second maximum study depth, i.e., 0.5 m, was selected
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to obtain a reliable p, map. At a greater survey depth (e.g., 0.8 m), the p, values would be
affected by weathered tepetate (Figure 4).

As a result of the EMP survey, an accurate soil resistivity map is shown in Figure 5A.
Resistivity values between 55 and 90 Ohm.m predominate at the site, while some zones
with resistivity values below 40 Ohm.m occur in the northern and central portions of the
study area.

3 42 55 70 90 5 10 15 20 25 30 35 40 45 50 016 025 0.37 055 082 122 1.82
Moisture, % | Salinity, g L "

30

40 50 60 0
Fines content, % Porosity, %

Figure 5. (A) soil apparent resistivity, (B) moisture, (C) salinity (D) fines content, (E) porosity
and (F) PSID maps.

The moisture map is observed in Figure 5B. In general, the soil of the site is quite
dry (moisture < 15%). Again, in the central and northern portion of the site, where water
leakage from the irrigation system occurs, there are small areas with higher humidity,
reaching values above 30%.

The soil salinity map obtained from the extract method is presented in Figure 5C.
Soil salinity values in the range of 0.2 g-L ™! to 1.2 g-L~! are shown (Figure 5C). High soil
salinity limits crop yields. In general, soil salinity values do not exceed 0.7 g-L~1, so it is
classified as soil unaffected by salinity. Only three sampling points in the south-eastern
end of the site show slightly saline soil with values above 0.7 g-L~! (Figure 5C).

3.3. Fines Content and Porosity Maps

The resistivity, moisture, and salinity maps shown in Figure 5A-C were used to
create a data grid input for the PetroWin program [20], resulting in fines-content and
porosity—values georeferenced data grids.

The soil fines content and porosity maps (Figure 5D,E) show a remarkable variability
in soil texture. An increase in fines content (clay + silt) results in an increase in soil
porosity. Furthermore, both fines content and soil porosity are inversely proportional to
soil permeability.
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3.4. Pre-Sowing Irrigation Depth (PSID)

The georeferenced database of fines content (Figure 5D) was used to calculate FC and
PWP, using Equations (9) and (10), respectively. Bulk porosity (J;) was determined using
Equation (11) and the georeferenced database from the porosity map (Figure 5E). Finally,
PSID values were calculated using Equation (12).

The distribution of the calculated PSID values delimit large and small areas of the
same irrigation depth value, within the interval 7-9 cm. For practical purposes, in each
agricultural plot the modal value was determined, resulting in the map in Figure 5F. Four
plots have a value of PSID =9 cm, while the plot located at the southern end of the study
site requires a water sheet of 8 cm. Consequently, 5.13 ha requires an irrigation water
volume of 4617 m3. The rest of the study site, 0.87 ha, requires an irrigation water volume
of 696 m>.

4. Discussion

The electrical resistivity of the soil depends mainly on factors such as texture, moisture,
and salinity. Electrical resistivity values were obtained rapidly by applying the EMP
method. The PetroWin program performs the joint analysis of the electrical resistivity,
moisture, and salinity values of the soil in a theoretical model to determine the physical
properties of the soil, which in our case are fines content and porosity. In this way, textural
analysis of soil samples for calibration purposes are not required.

In most of the study area, the soil has high resistivity values (p, > 55 Ohm.m)
(Figure 5A), coinciding with moisture values below 15% (Figure 5B). In addition, the
low resistivity zones (Figure 5A) coincide with those areas where the moisture is higher
than 20% (Figure 5B), highlighting the inversely proportional relationship between soil
resistivity and moisture.

Furthermore, soil salinity values do not exceed 0.7 g~L’1, so it is classified as soil that
is unaffected by salinity. Only three sampling points in the south-eastern end of the site
show slightly saline soil with values higher than 1 g-L~! (Figure 5C); therefore, we consider
that variations in resistivity are controlled by variations in soil texture and moisture, and
not by variations in soil salinity.

The fines content map (Figure 5D) shows the predominance of values between 30%
and 60%. Very high values of fines content (>60%, Figure 5D) are not favorable for proper
soil drainage, due to high pore-water absorption and low transmittance. This causes
moisture, even if it remains for a long time, to be unavailable to the plants. The porosity
map (Figure 5E) shows zones of high porosity in its central and northern portions. Porosity
values between 35% and 45% indicate a predominance of clay in the fines component, as it
is the soil with the lowest permeability.

According to the results presented in Figure 5F, 5313 m?® of water is needed to achieve
the PSID, which ensures that soil moisture reaches the FC. PSID is the first irrigation
necessary to start planting. Subsequently, successive irrigations at certain time intervals are
necessary to restore the lost moisture, preventing the soil moisture level from dropping to
the PWP. Therefore, considering evapotranspiration levels, a gross irrigation depth should
be calculated to ensure that a net irrigation depth, equivalent to a fraction of the PSID,
restores the soil moisture up to FC.

The methodology developed can be efficiently used in large agricultural soil extensions.
The use of orthophotos and satellite images would allow the generation of moisture and
salinity maps using a minimum of in situ measurements. The use of a vehicle with a system
that allows the EMP meter to be towed will increase the efficiency in determining the soil

0a Map.

5. Conclusions

The application of the EMP method, together with soil moisture and salinity informa-
tion, constitutes an effective and efficient tool for the determination of physical properties
and irrigation parameters for agricultural soils. The Ryjov theoretical model, implemented
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in the PetroWin program, uses soil resistivity, moisture, and salinity values to determine
soil fines content and porosity.

In the study site, the observed variations in soil resistivity were controlled by vari-
ations in soil texture and moisture, and not by variations in soil salinity. Although this
study has not considered volume losses due to evapotranspiration, PSID values provide
optimum soil moisture prior to planting in the different crop plots, contributing to irrigation
water savings.

The obtained results present an opportunity for the creation of a new methodology for
the calculation of physical and irrigation parameters. The use of orthophotos and satellite
images for the generation of moisture and salinity maps, as well as the incorporation of
vehicles and dragging systems for resistivity survey, will considerably increase efficiency
in the determination of the PSID in large extensions of agricultural soils.
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