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Tools for soil understanding: Hot Ball method, 
XRD, and AC complex conductivity
Nayda Patricia Arias Duque1,2,3, Jose de Jesus Agustin Flores Cuautle4, 
Pablo Fernando Grajales Carrillo5, Oscar Giraldo-Osorio6 and Gemima Lara Hernández5*

Abstract:  The social dependence on the soil to guarantee its fertility and ensure 
food security have generated poor management practices globally. Nevertheless, 
the soil is considered a fundamental factor in the transition towards a sustainable 
bioeconomy because of its societal importance due to the biomass source to 
produce value-added products. Soil thermal properties are critical factors because 
of the microclimate, so fertility and soil chemistry are controlled by the heat 
exchange between the soil and the surrounding; therefore, knowledge of these 
parameters is essential to crop planning better. Access to advanced techniques to 
monitor the growth and quality of crops in rural areas of the Latin American 
region is scarce. Several characterization techniques have been used to get soil 
thermal properties but are needed to provide open access to these techniques 
and obtain higher-resolution data. This study employs the so-called Hot Ball 
method to obtain thermal conductivity. The effect of particle size, thermal stabi-
lity, and mineralogical composition on thermal conductivity is studied. Also, soil 
structure and electrical conductivity are studied. This study is expected to be 
a tool for making strategic decisions that lead to better planning of crops in the 
bioeconomy context.

Subjects: Agriculture & Environmental Sciences; Soil Sciences; Thermodynamics; Heat 
Transfer 

Keywords: Soil thermal conductivity; Hot Ball; XRD; AC complex conductivity in soil

1. Introduction
Soil is an essential component of the planet. Its role is vital for crop production, climate change 
control, regulating other ecosystem services, and supporting life on Earth (Helming et al., 2018). 
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According to the Food and Agricultural Organization of the United Nations (FAO), “Land and soils 
constitute the foundation for sustainable agricultural development, essential ecosystem functions, 
and food security (FAO, 2023).” They are crucial to sustaining life on Earth. The soil functions 
include a medium for plant growth, a regulator of water supplies, a recycler of raw materials, 
a habitat for soil organisms, and a landscaping and engineering medium (Vogel et al., 2019). 
However, the soil security concept is needed to understand the critical role of soil in society. Soil 
security is anchored by food security, water security, energy security, climate change abatement, 
biodiversity protection, and ecosystem service (McBratney et al., 2014). McBratney and coworkers 
define soil security through seven functions: biomass production, storing, filtering, and transform-
ing nutrients, substances, and water, biodiversity pool, physical and cultural environment, and 
source of raw materials, acting as a carbon pool archive of geological and cultural heritage. More 
recently, the soil is considered a fundamental factor in the transition towards a sustainable 
bioeconomy (Juerges & Hansjürgens, 2018) because fertile soil’s societal dependence guarantees 
food security and biomass to produce value-added products (Marín-Valencia et al., 2021). Due to 
soil’s strategic importance, there is a need to develop tools to help us understand its properties 
more in-depth.

In this sense, density, texture, hydraulic conductivity, organic matter content, cation exchange 
capacity, pH, electrical conductivity, and mineralogical features are the physicochemical properties 
traditionally measured (Weil & Brady, 2016). Besides its importance, less attention is paid to the 
soil’s thermal properties, like thermal conductivity. This thermophysical property is critical in several 
applications, such as geotechnical engineering. Heat transfer efficiency affects the efficiency of 
energy geostructures (X. R. Zhang et al., 2020); the knowledge of thermal properties reduces 
construction costs (Cao et al., 2018; Webb, 1956).

The exogenous climate conditions control the microclimate, infrared radiation due to 
greenhouse gases, precipitations (Harte et al., 1995; van Wijk, 1965), and the heat exchange 
capacity between the soil and surrounding air; therefore, the knowledge of this interaction 
plays a crucial role in agronomics and food security (Hernández & Pastor Piñeiro, 2008) or 
climate change control. The ability of soil to conduct heat determines how fast its tempera-
ture changes during the day. Therefore, temperature is the critical factor that affects the rate 
of the chemical and biological processes in the soil (Sauer & Horton, 2005).

Thermal diffusivity (α) and thermal conductivity (κ) are thermophysical properties widely 
used in materials science, energy, chemical industry, and soil studies (Ren et al., 2019). 
Thermal conductivity is a crucial parameter to characterize heat transport (Li et al., 2019); 
therefore, knowledge of thermal conductivity is necessary for modeling heat behavior. The 
thermal conductivity of soil is a fundamental physical property related to heat conduction. 
Several methods are used to study soil thermal conductivity (Li et al., 2019; N. Zhang & Wang, 
2017; Oladunjoye & Sanuade, 2012; Shiozawa & Campbell, 1990); most of those methods are 
based on continuous heat transmission; even though transient methods have proven suitable 
for getting thermal conductivity in porous materials provided the right experimental condi-
tions (Glorieux et al., 2017; Hudec et al., 2015). In previous work, the Hot Ball technique was 
used to measure thermal conductivity in sugarcane soil, and it was demonstrated that it is 
possible to correlate the thermal conductivity with the soil quality index (Flores Cuautle et al., 
2019).

The Hot Ball (HB) technique is a transient method used for getting thermal conductivity and has 
been described elsewhere (Fidríková & Kubičár, 2012; Glorieux et al., 2017; Hudec et al., 2016; 
Kubicar, 1990). The working model assumes the Hot Ball sensor as a punctual heat source that 
releases heat as a step function producing a continuous heat flux at the ball surface and evaluated 
at the long-time limit. The sample surrounds the Hot Ball sensor, and when the sample is 
considered infinite, the boundary temperature at the heat source and sample interface is 
described by equation 1:
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With κ being the sample thermal conductivity and α thermal diffusivity, Q the released heat, 
r the sensor radius, and erfc (x) the complementary error function. As shown by equation 1, 
the thermal conductivity and diffusivity can be extracted from the same experimental con-
figuration, provided the ball radius and released heat are known. Figure 1 shows a sensor 
working model scheme and the experimental arrangement for a typical temperature- 
dependent measurement. Hot Ball is chosen to obtain the thermal conductivity because its 
measurement lasts seconds to give accurate results comparable to traditional methods even 
for low thermal conductivity samples (Glorieux et al., 2017). In this work, Hot Ball is used to 
obtain thermal conductivity values. Also, soil components with different particle sizes were 
studied. This study is expected to gain a deeper understanding of the effect of soil tempera-
ture changes on thermal conductivity.

2. Materials and methods

2.1. Samples
Soil samples were collected at N 5° 41’ 48.3“W 73° 45’ 30.6” and stored in plastic bags according to 
the United State Department of Agriculture (USDA) recommendation (USDA, 1999). Samples were 
sieved and classified into fine (500 μm), medium (0.595 mm), coarse sands(1.190 mm), and clay 
(less than 75 μm); additionally, because calendula harvesting is a preponderant activity at the 
samples collecting area soil from calendula crops was also studied. Before characterization, soil 
samples were dried at 60°C for 24 h to release the surface humidity.

3. Characterization

3.1. Thermal conductivity measurements
The thermal conductivity was obtained using the HB technique; the HB sensor was built using 
a platinum thermistor as the temperature sensor, a 1 mm metallic resistor as the heat source, and 
a 3 mm diameter hollow copper ball, Figure 1 a). The heat was obtained by applying a current 
through the metallic resistor, and the thermistor resistance was monitored every 300 ms to obtain 
the HB temperature. To consider the uncertainty provoked by the sensor construction, effective 
released heat and ball radius are employed in calculations; those effective parameters were 
obtained in advance by sensor calibration using samples with known thermal conductivity and 

Figure 1. a) Experimental setup, 
b) Scheme of the Hot Ball sen-
sor, c) Example of the tem-
perature response for constant 
heat in water being Tm the 
steady-state temperature.
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diffusivity. Because equation 1 requires the ball to have zero heat capacity and no thermal 
resistance between the sensor and the sample affecting mainly thermal diffusivity values, calcula-
tions were carried out at the temperature stabilization times (Kouyaté et al., 2015). Therefore, the 
thermal diffusivity values are discarded, and only thermal conductivity values are presented here.

The Hot Ball sensor was placed in the central part of the sample, and samples were compacted around the 
sensor to achieve good thermal contact between the sample and the sensor. Furthermore, a thin thermal 
grease layer lowers the thermal resistance between the sample and the sensor. The sample-sensor set is 
placed into a temperature-controlled chamber (70 cm3 volume). Samples under study are set at the desired 
temperature with a temperature variation lower than 0.1 °C; afterward, constant heat is supplied through the 
sensor while the sample-sensor interface temperature is monitored. Solar radiation can raise the soil surface 
temperature; temperature influences soil processes such as organic matter decomposition, nutrient avail-
ability, moisture, aeration, structure, microbial and enzyme activities, and other soil chemical reactions 
(Onwuka & Mang, 2018). Therefore, samples were analyzed between 20 °C and 40 °C.

3.2. Thermogravimetric analysis
The thermal stability of the samples is studied by thermogravimetric analysis (TGA) on a TA 
instrument, model TGA Q500 thermogravimetric analyzer (TA Instrument, Delaware, DE, USA). 
Measurements were made on 10.0 mg of sample, using a high-resolution algorithm (sensitivity: 
1, resolution: 5) with N2 flow (100 mL min−1) at a heating rate of 10 °C min−1. The measurement 
range is from 21 to 800 °C.

3.3. Structural characterization by XRD
The X-Ray Diffraction (XRD) patterns of the powder samples are performed at room temperature 
with a Bragg–Brentano focusing geometry in a RIGAKU MINIFLEX II diffractometer (Rigaku 
Company, Tokyo Japan), using CuKα radiation at 30 kV and 15 mA with a scan rate of 2° min−1, 
range between 3 to 70° 2θ. Polyhedral representation is drawn in Vesta Software (Momma & 
Izumi, 2011) from the CIF data obtained from the Crystallography Open Data Base.

3.4. Electrical properties
Electrical conductivity experiments are performed over powder soil fraction samples kept between 
two brass electrodes under spring-loaded pressure; the effective diameter for the working elec-
trode is 10 mm [5]. Samples are measured at room temperature (25 °C) using a dielectric interface 
SOLARTRON 1296 coupled to SOLARTRON 1260 analyzer (Solartron Analytical, Farnborough, UK). 
Data are recorded in a frequency range of 10 MHz to 0.1 Hz with a 100-mV voltage amplitude. The 
electrical conductivity can be extracted from the impedance Equation (2).

where Z´ and Z´´ are the real and imaginary components of the complex impedance, respectively, 
d is the electrodes distance and A the electrode diameter.

4. Results and discussion

4.1. Thermal conductivity
Figure 2 shows a representative plotting of the Hot Ball signals at 20 °C for each studied soil; the 
solid line best fits Equation 1 to the experimental data using the thermal conductivity as a fitting 
parameter.

Figure 3 shows the studied samples’ thermal conductivity results as temperature functions. 
Coarse sand presents the highest thermal conductivity; clay mineral shows the lowest thermal 
conductivity. There is an increased thermal conductivity as the temperature was raised, except for 
coarse sand.
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Figure 2. HB signals for all 
samples, symbols are experi-
mental data (squares: clay 
mineral, circles: fine sand, tri-
angle: medium sand, rhombi: 
gross sand, stars: calendula 
soil), and the solid line is the 
best fitting of equation 1 to 
each data set.

Figure 3. Thermal conductivity 
of studied samples as 
a function of temperature, solid 
lines represent the proposed 
fitting according to equation. 3.

Table 1. Fitting results for the studied samples
Sample κ0 � 10� 1 F×10−1 G R2 ×10−1

clay mineral 1.25 −0.42 −29.41 9.71

Fine sand 1.57 −3.06 −6.24 9.35

Medium sand* 1.89 −1.44 −12.71 9.97

Coarse sand - - - -

Calendula soil crop 2.14 −0.88 −30.15 9.92

*Thermal conductivity value for 20 °C was discarded in this analysis because if included the fitting does not converge. 
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Thermal conductivity values were modeled as a temperature function using an exponential 
equation (3).

Where κ0, F, and G are the constant characteristics of the sample, while T represents tempera-
ture in Celsius, the constants obtained from Equation 3 are shown in Table 1. R2 is the 
correlation coefficient between the proposed Equation and the experimental data. The differ-
ence in the thermal conductivity between the studied samples is associated with the particle 
size, amount of water in the structure, and mineral composition, as discussed in the following 
sections. For the case of coarse sand the data does not show any trend therefore it is not fitting 
line presented.

4.2. Thermogravimetric analysis
Thermograms for the studied samples are shown in Figure 4a, and the first derivate of mass loss is 
shown in Figure 4b. Table 2 compiles the mass losses determined from TGA profiles for different 
temperature ranges. For mass loss interpretation, the data were grouped into seven regions as 
follows from room temperature to 100 °C (Region I), 100–200 °C (Region II), 200–300 °C (Region 
III), 300–400 °C (Region IV), 400–500 °C (Region V), 500–600 °C (Region VI), and higher than 600 °C 
(Region VII).

Calendula soil crops lose more mass than the other analyzed samples (Figure 4a), clay mineral 
and fine sand show almost the same thermal behavior as medium and coarse sand in all 
temperature ranges studied. As can be seen, the calendula soil crops lose 21.6% of their initial 
mass. The total mass loss followed the order calendula soil crop>clay mineral> fine sand> coarse 
sand> medium sand.

The first thermal event succeeded at around 50°C (Figure 4) for calendula soil. Below 50 °C, there 
is a maximum in DTG for the other studied samples. This mass loss is assigned to the release of 
physisorbed water or dehydration reaction due to the weak water—surface site interaction (Kristl 
et al., 2016). Calendula soil crops present a maximum in DTG At 290.02 °C. Clay minerals and fine 
sand exhibit a displacement of 15 and 20 °C higher; meanwhile, it is 75 and 69.15 °C higher for 
medium and coarse sand, as observed in Figure 4b. Mass loss in this temperature range (Region 
III) can be associated with the surface dehydroxylation of inorganic oxides and interlayer water 
release from the clay mineral (Kristl et al., 2016).

Until 300 °C, the mass loss for the calendula soil sample is 10.70 %w, and at 340.94 °C, the 
calendula soil crops lose 4.46 %; the maxima in DTG at this temperature is absent for clay fraction, 
fine, medium, and coarse sand. The literature reports the decomposition of labile and 

Figure 4. Thermogravimetric 
Analysis. (a) Thermograms, (b) 
Differential thermal gravi-
metric analysis, the insert in (a) 
represents an increase in mass 
loss scale.
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straightforward organic structures as carboxylic, methylene, alcoholic, aldehydes, amides, amines, 
phenol groups, polysaccharides, and biodegradable compounds soils around 220–430 °C (Boguta 
et al., 2017). The combustion of carbohydrates and other aliphatic compounds occurs within the 
200–320 °C range.

The primary mass loss for fine sand and clay mineral samples is around 300 °C; meanwhile, it is 
50 °C higher for medium and coarse sand. This mass loss resulted from water loss from the particle 
surface and interlayer water in the clayed sample (Grekov et al., 2019).

Additionally, compared to calendula soil crops with the studied samples, there is a temperature 
displacement for the thermal event at 437.63 °C, around 54.42 °C. Between 300 °C and 500 °C, the 
mass loss for calendula soil crops is 7.6 %. This mass loss in this temperature range is associated 
with the decomposition of organic matter and nitrogen-associated compounds and the thermal 
degradation of more stable aromatic compounds at 330–530 °C (Kristl et al., 2016). Conversely, the 
inorganic matrix’s oxygen losses and OH—occur at temperatures higher than 500 °C (Ndzana et al., 
2019), especially for clay minerals.

The mass losses around 492 °C for clay, fine, medium, and coarse sand is associated with the 
quartz β-α polymorph transition (Grekov et al., 2019). Above 500 °C, mass losses are attributed to 
the dehydroxylation from the lattice (Ndzana et al., 2019).

4.3. Structural analysis
XRD method was used to elucidate the crystallographic components of the analyzed samples. The 
XRD patterns for clay minerals and the different sands are shown in Figure 5. For clay minerals and 
fine sand, the diffraction reflection indicates the presence of kaolinite (ICDD 00-001-0527, ICDD 
00-005-0490), illite (ICDD 00-002-0462), and halloysite (ICDD 00-003-0184).

Figure 5. XRD patterns for (a) 
Soil for calendula crop, (b) clay 
mineral, (c) fine sand, (d) med-
ium sand, (e) coarse sand.
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Quartz (ICDD 00-005-0490; ICDD 00-003-0444) and kaolinite (ICDD 00-001-0527) are minor 
materials for medium and coarse sand. For calendula soil diffraction reflection is found at 
12.64°, 20.12°, 21.06°, 23.48°, 24.42°, 25.24°, 26.92°, 29.72°, 35.20°, 36.90°, 39.76°, 40.54°, 42.70°, 
45.98°,48.78°, 50.40°, 55.06°, 60.20°, 62.52°,64.28°, 68.08°, 68.44° 2θ. They were characteristics of 
quartz (ICDD 00-003-0444), kaolinite (ICDD 00-001-0527 and magnetite (ICDD 00-002-1035).

From the structural perspective, thermal conductivity is expected to change with the miner-
alogical composition. As XRD (Figure 5) described, quartz is the only mineralogical phase found in 
coarse and medium sand. There is a mix of mineral phases for clay minerals and fine sand-like 
halloysite, kaolinite, and illite minerals. Additionally, there is a presence of low quantities of 
magnetite in calendula soil. Figure 6 shows the polyhedral representation of the minerals found 
in the calendula soil, clay mineral, and sands. A brief description of the mineral structures is 
presented below.

Halloysite, kaolinite, and illite belong to the phyllosilicate family. They are layered minerals 
comprised of Al3+ in octahedral coordination and Si4+ in tetrahedral coordination, forming octahe-
dral and tetrahedral sheets. Depending on the octahedral and tetrahedral sheet quantity, clay 
minerals can be classified as 1:1 (1 octahedral sheet: 1 tetrahedral sheet), 2:1 (2 octahedral sheets: 
1 tetrahedral sheet). Halloysite and kaolinite are 1:1 clay minerals, but illite is a non-expandable 
2:1 clay mineral. Particularly, halloysite has a nanotube structure (Andrini et al., 2019), kaolinite 
has roughly hexagonal platy crystals (S. Zhang et al., 2017), and illite has a flake-ribbon morphol-
ogy (Keller et al., 1986). A general description of their chemical composition is shown in Table 3.

Literature reports small quantities of water in illite interlayer space (Gualtieri et al., 2008). For 
kaolinite, four dioctahedral sheets are occupied by Al3+ cations, and two are vacant. The negative 
charge of the oxygen anion framework is balanced by the tetrahedral and octahedral cations 
(Meunier, 2005).

Quartz comprises building blocks of SiO2 in which each Si+4 atom is surrounded by four O2– 

forming tetrahedral coordination (Huggins, 1922). On the other hand, Magnetite (Fe3O4) is an 
inverse spinel material, containing 32 O2– anions and 24 mixed-valence Fe cations, one half of 

Figure 6. Polyhedral represen-
tation of the minerals found in 
the studied samples. (a) Quartz. 
(b) Halloysite. (c) Illite. (d) 
Kaolinite. (e) Magnetite. Red 
circles: O, light blue polyhedral: 
Al3+, blue polyhedral: Si+4, 
brown polyhedral: Fe+2 and 
Fe+3, violet circles: Mg+2, Fe+2, 
and pink circles: OH−. Al+3 is in 
octahedral coordination, Si+4 is 
in tetrahedral coordination, 
Fe+2 is in tetrahedral coordina-
tion, and Fe+3 is in octahedral 
coordination.
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the Fe+3 occupies 8 of the 64 available tetrahedral interstices, and the other half of Fe+3 together 
with an equal amount of Fe+2 ions, occupy 16 of the 32 available octahedral interstices (Kozlenko 
et al., 2019; Mariotto et al., 2002).

4.4. Effect of water and particle size over thermal conductivity
As can be seen (Figure 6) from the structural point of view, clay minerals are complex structures. In 
silicates and oxides, the heat transfer is dominated by phonons (Höfer & R, 2002). The presence of 
clayed materials decreases thermal conductivity due to phonon scattering because of their crystal 
and structural anisotropy, defects at grain boundaries, and stacking faults (Gavrenko et al., 1995; 
Hartmut, 2001; Jorand et al., 2013). Also, the different exchange ions, porosities, and water 
contents affect thermal conductivity in clay minerals.

Therefore, the heat conduction in clay minerals is favored at low porosities and water contents 
due to more particle-particle contact. Thermal conductivity in soils is governed mainly by quartz 
(Różański & Stefaniuk, 2016) due to less structural anisotropy than clay minerals (Figure 6), and 
the contact between particles of the same nature favored heat transport, as evidenced in 
Figure 3.

Thermal conductivity obtained at 25 °C is plotted as shown in Figure 7, and a linear fitting is 
performed to evaluate if the water amount affected thermal conductivity. The following Equation is 
found y ¼ 2:142 � 0:80x, with the Pearson coefficient of −0.88 and R2 0.77. It indicates the inverse 
correlation between both parameters. Water content also plays an essential role in thermophysical 
properties, particularly in heat capacity; Hinkel and coworkers indicated that higher moisture increases 
heat capacity and vice versa (Hinkel et al., 2001). Work performed by Zhu and collaborators found that 
the soil has a lower thermal diffusivity with more organic materials in the soil. On the other hand, Zhao 
(Zhao & Si, 2019) and Tarnawski (Tarnawski & Leong, 2012) independently found a decrease in thermal 
conductivity with the increase of organic matter in soils, similar to the behavior presented in our work, 
as can be seen in Figure 7. In general, the thermal conductivity of minerals is about eight times higher 
than organic soils (Tarnawski & Leong, 2012).

Figure 7. Effect of water in 
thermal conductivity at room 
temperature for soil, clay 
mineral, and sands. The insert 
shows the fitting of the experi-
mental data in the strong 
water-inorganic matrix interac-
tion zone.
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In particulate materials, as in soils, water can be adsorbed on the particle surface (bound water) 
or between the pores (micro—meso or macropores) as capillary water (Revil & Lu, 2013). The 
surface energy to attract water molecules is less on the surface than in the pores. Also, water 
stored in the smallest pores requires more energy to move or release from the material and is 
affected by the ions that conform to the mineral structure (Hinkel et al., 2001). On the other hand, 
gradients provide the driving force for moisture movement (Chang & Weng, 2002). Thus, the 
remaining water stored in clay minerals requires more energy to release from the solid.

Revil and Lu (Revil & Lu, 2013) indicate that water and mineral interaction can be divided into 
the saturation regime and below saturation. In the last regime, the interaction between water 
molecules and the mineral surface is affected by the film flow from residual non-bound water. 
Zhou et al. report that the heat flow in soils mainly goes through connected aggregates (Zhou 
et al., 2019). On the other hand, the quantity of phonons is highest in the wet phase, reducing the 
heat transfer efficiency because of the increase of the scattering events and reducing the mean 
free path (Xiong & Zhang, 2019). According to TGA results (Figure 4), the water content in clay was 
higher than in coarse sand. The results suggest that in medium and coarse sand, the heat 
mechanism transfer is mainly due to particle-particle interaction.

Conversely, the particle size effect on thermal conductivity is shown in Figure 8. There was an 
increase in thermal conductivity as the particle size increased. We believe that the air content per 
surface area increases as particle size increases, favoring heat transfer. However, factors such as 
porosity, grain shape, and type of contact between the particles should be analyzed. Heat transfer 
performance is significantly enhanced in porous materials due to the large contact area between 
the solid matrix and the pore fluid (Jbeili & Zhang, 2021). The literature reports that these 
additional parameters affect the heat transfer process (Gerzhova et al., 2019).

In the studied samples, the thermal conductivity of calendula soil is higher than clay mineral and 
fine sand. This behavior can be understood as the organic matter’s contribution. The organic matter is 
attached to the solid phase forming coordination complexes or electrostatic interactions (cation and 
anion exchange processes), adsorption, chemisorption, interactions via van der Waals forces, and 
H bonding (Sparks, 1995). However, the primary binding mechanism reported for organic matter with 
soil is through Fe2+, Fe3+, or Al3+ oxy or oxo bridge for carboxyl and hydroxyl functional groups in humic 

Figure 8. Effect of particle size 
on thermal conductivity.
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acids and hydrogen bonding for neutral and negatively charged polysaccharides (Cheshire et al., 2000; 
de Melo et al., 2016). The humic substances have unsaturation (presence of double bonds) and strong 
interaction with the solid particles, creating effective bridges and pathways for thermal conduction. 
Therefore, organic matter improves the soil’s thermal properties, as reported (Usowicz & Lipiec, 2020).

4.5. Electrical properties
Alternating Current (AC) Conductivity Analysis is done to elucidate the charge transport’s nature 
and magnitude. The real component of AC conductivity for calendula soil is three orders of 
magnitude higher than the clay fraction of studied soil and fine sand. There is a difference of 
five orders of magnitude higher than medium and coarse sand on the range of frequencies 
studied, as shown in Figure 9.

The calendula soil presents a plateau at frequencies higher than 1 KHz; below this frequency is a low- 
frequency dispersion. For sands, there is a plateau below 1 KHz; at higher frequencies, there is an 
exponential increase in the real component of the complex conductivity. The high-frequency plateau 
for calendula soil is associated with the contribution of three phenomena: electron conduction provided 
by the organic matter (carboxyl and phenolic groups) due to the delocalized electrons in its structure 
(Mielnik & Asensio, 2018), electron hopping in the magnetite structure (Kündig & Steven Hargrove, 1969), 
and proton conduction from the inorganic matrix surface (Arias et al., 2019). Because of the soil 
structure, regarded as three phases component: inorganic matrix, water, and air, it is possible to assign 
the low-frequency dispersion in a soil sample to ionic conduction in tiny pores, mainly from the interlayer 
region of the halloysite and illite (Rai et al., 2017), and with molecular association from humic and fulvic 
acids in the organic matter (de Melo et al., 2016). For clay and fine sand, the conduction mechanism at 
high frequency is by protons and ions in pores at low frequency. Meanwhile, the mechanism proposed by 
medium and coarse sand is mainly due to the protons covering the surface particle.

5. Conclusions
(1) Thermal, structural, and electrical tools were applied to understand the soil properties.

(2) Less structural anisotropy and better contact between particles produce effective pathways 
for heat transfer; therefore, the thermal conductivity increases.

(3) There was evidence of quartz in the studied samples. Also, halloysite, kaolinite, and illite 
were found. A low quantity of magnetite was found in the calendula soil.

Figure 9. Electrical behavior of 
soil fractions.
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(4) AC electrical conductivity was measured in clay fraction, fine, medium, coarse sand, and 
calendula soil.

(5) The results suggest that organic matter has an essential effect on electrical conductivity 
because of the unsaturation in organic molecules.

(6) It was possible to determine the presence of organic matter through thermophysical and 
electrical methods. Those methods contribute to a better understanding of the complex 
structure of the soil.

(7) This study is a baseline to improve the methodologies that permit planning strategies to 
improve the soil conditions for better food access.

(8) This characterization technique is essential to better plan crops as calendula and as 
a baseline for the sustainability of crops under a bioeconomy context.
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