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Abstract

This research paper investigates the dielectric properties of soil, focusing on the influence of
particle size distribution and mineral composition. Dielectric properties, including dielectric
constant and loss tangent, are critical for applications such as soil moisture sensing and
geophysical surveys. The study presents a detailed analysis of how varying particle sizes—
sand, silt, and clay—affect dielectric responses, showing that finer particles increase
dielectric constants due to enhanced surface area and water retention. The impact of mineral
composition is also examined, revealing that minerals like quartz and montmorillonite
contribute differently to dielectric properties, with montmorillonite leading to higher
dielectric constants compared to quartz. Empirical data from soil samples with different
textures and mineral compositions underscore the complex interplay between these factors.
Tables provide numerical data on dielectric constants for various soil types and minerals,
illustrating the significant variations observed. Additionally, the study explores practical
implications for soil analysis techniques, highlighting the need for calibration of dielectric
sensors and accurate interpretation of geophysical data. The findings offer valuable insights
for optimizing soil moisture measurement and improving the effectiveness of geophysical
explorations, emphasizing the importance of considering both particle size and mineral
composition in soil dielectric studies.

Keywords: Dielectric properties, Soil texture, Particle size distribution, Mineral composition,
Soil moisture sensing, Dielectric constant, Soil analysis, Geophysical surveys, Clay minerals,
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1. Introduction

The dielectric properties of soil, which describe its ability to store and dissipate electrical
energy, play a crucial role in various applications such as agricultural monitoring,
environmental assessments, and geophysical explorations. These properties are primarily
governed by the soil's composition, particularly its moisture content, particle size distribution,
and mineral makeup. Understanding how soil characteristics affect its dielectric response is
essential for improving the accuracy of soil moisture sensors, developing efficient irrigation
systems, and enhancing models for subsurface exploration (Robinson et al., 2019).

Soil dielectric properties are typically expressed through two key parameters: the dielectric
constant (also known as relative permittivity) and the dielectric loss factor. The dielectric
constant reflects the soil's ability to store electrical energy, while the loss factor quantifies the
energy dissipated as heat. These parameters are influenced by soil texture, which is a function
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of the size and distribution of soil particles. Finer soils with higher clay content generally
exhibit higher dielectric constants, whereas sandy soils tend to have lower dielectric constants
(Topp et al., 1980).

Numerical studies show that soils with a particle size distribution dominated by fine particles
(Iess than 0.002 mm in diameter) have dielectric constants ranging from 10 to 15, while
coarser soils, such as sandy loams, demonstrate values as low as 2 to 4 at low moisture levels
(Dobson et al., 1985). Additionally, mineral composition, particularly the presence of clay
minerals like montmorillonite, can further amplify the dielectric constant due to their ability
to absorb water and alter soil electrical properties (Peplinski et al., 1995). This relationship
between soil's physical properties and dielectric behaviour is fundamental for applications
such as soil moisture estimation and subsurface imaging.

Given the increasing reliance on dielectric measurements for practical applications,
understanding the interplay between particle size distribution and mineral composition is
critical for optimizing models and improving field data interpretation (Evans et al., 2019).
This paper aims to explore these relationships, offering insights into how soil's physical
characteristics impact its dielectric properties across different contexts.

2. Literature Review

Research on the dielectric properties of soil has evolved significantly over the past decades,
focusing on the intricate relationship between soil's physical composition and its electrical
behaviour. Early studies in the field, such as those by Topp et al. (1980), established the
foundational understanding that soil's dielectric constant is highly sensitive to moisture
content. The dielectric constant was observed to increase exponentially with moisture levels,
particularly in finer-textured soils like clay. For instance, measurements of clayey soils
showed dielectric constant values between 15 and 35 when moisture content ranged from
10% to 30%, while sandy soils displayed values of 4 to 8 under similar conditions (Topp et
al., 1980).

Later studies expanded this framework by investigating the role of particle size distribution
and mineral composition. Research by Dobson et al. (1985) highlighted those soils with
smaller particle sizes (e.g., clay and silt) exhibited higher dielectric constants compared to
soils dominated by larger particles (e.g., sand), even when moisture content was controlled.
The study further suggested that this behaviour is linked to the surface area of fine particles,
which allows for more water absorption, thereby increasing the dielectric response.
Numerical data from their work showed that soils with over 40% clay content could exhibit
dielectric constants exceeding 20, whereas sandy soils with less than 10% clay content
generally remained below 5 under similar moisture conditions.

Mineral composition also plays a pivotal role in shaping the dielectric properties of soil.
According to Peplinski et al. (1995), certain minerals, particularly clay minerals such as
kaolinite and montmorillonite, have a profound effect on the dielectric behaviour due to their
layered structure and high surface charge, which enable them to retain significant amounts of
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water. This water retention ability enhances the soil's capacity to store electrical energy,
leading to higher dielectric constants. Montmorillonite, for instance, can increase the soil's
dielectric constant by as much as 10 to 20 units compared to soils dominated by non-clay
minerals (Peplinski et al., 1995).

More recent research has emphasized the importance of integrating both particle size
distribution and mineral composition in understanding soil's dielectric properties. Studies by
Robinson et al. (2019) introduced models that account for the combined effects of texture,
moisture content, and mineralogy on soil’s dielectric response. These models suggest that
finer soils with high clay content and minerals like illite and kaolinite exhibit dielectric
constants 25-30% higher than sandy soils under similar conditions. Such findings are crucial
for refining models used in remote sensing applications, particularly in agricultural and
environmental monitoring systems (Robinson et al., 2019).

This body of literature underscores the need for comprehensive studies that consider both
particle size distribution and mineral composition when analysing soil's dielectric properties.
By integrating these factors, future research can offer more accurate predictions of soil
behaviour under varying environmental conditions, improving both theoretical models and
practical applications.

3. Soil Dielectric Properties

The dielectric properties of soil, including dielectric constant (relative permittivity) and
dielectric loss factor, are crucial for understanding soil’s interaction with electromagnetic
waves. These properties are significantly influenced by factors such as moisture content,
particle size distribution, and mineral composition, along with environmental variables like
temperature and electromagnetic frequency (Peplinski et al., 1995). The dielectric constant
reflects the soil’s ability to store electrical energy under an electric field and varies with soil
type. Dry soils typically have dielectric constants ranging from 2 to 5, with sandy soils at the
lower end and clayey soils at the higher end (Dobson et al., 1985).

The dielectric loss factor indicates how much energy is dissipated as heat, a key factor in
assessing energy absorption by soil (Robinson et al., 2019). Soil moisture dramatically affects
these properties; for instance, adding moisture increases the dielectric constant from 2 to 10
in sandy soils and from 4 to 20 in clayey soils (Topp et al., 1980). Dielectric properties also
vary with frequency; at lower frequencies, soils exhibit higher dielectric constants due to
effective polarization mechanisms, while at higher frequencies (above 1 GHz), these
mechanisms diminish, leading to reduced dielectric constants (Peplinski et al., 1995).

Moisture content influences the dielectric response non-linearly, with water's high dielectric
constant significantly altering soil properties. For example, increasing volumetric water
content from 5% to 20% can raise the dielectric constant in clayey soils from 7 to 22 (Topp et
al., 1980). Environmental factors such as temperature and soil salinity also play significant
roles. Temperature increases can reduce the dielectric constant of moist soil by up to 5% per
10°C rise (Campbell, 1985), while higher soil salinity can lead to increased dielectric loss
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factors due to higher ionic conductivity (Robinson et al., 2019). Understanding these
influences is essential for accurate soil moisture sensing and effective remote sensing
applications in agriculture and environmental monitoring.

4. Particle Size Distribution in Soil

Particle size distribution (PSD) plays a pivotal role in determining the physical, chemical, and
electrical properties of soil, including its dielectric behavior. PSD refers to the proportion of
different particle sizes—sand, silt, and clay—that make up the soil. This distribution affects
soil texture, moisture retention, nutrient capacity, and permeability, all of which influence
dielectric properties (Topp et al., 1980).

Soil particles are classified by size, with sand particles ranging from 0.05 to 2 mm, silt
particles from 0.002 to 0.05 mm, and clay particles smaller than 0.002 mm (Hillel, 1998).
Dielectric properties vary with these particle sizes due to differences in surface area and
water retention. Clayey soils, rich in fine particles, generally exhibit higher dielectric
constants due to their greater surface area and moisture retention capacity, whereas sandy
soils have lower dielectric constants (Dobson et al., 1985).

Particle size directly affects the dielectric constant and loss factor. Coarser soils like sand
have lower dielectric constants due to larger pore spaces and reduced water retention. For
instance, sandy soils with less than 10% clay content have dielectric constants between 3 and
5, while clayey soils with over 40% clay content show values between 15 and 20 at low
moisture levels (Dobson et al., 1985). As moisture content increases, sandy soils exhibit a
slower increase in dielectric constant compared to clayey soils. Increasing volumetric water
content from 5% to 15% raises the dielectric constant in sandy soils from 3 to 7, whereas in
clayey soils, it rises from 6 to 18 (Topp et al., 1980).

Fine-textured soils, such as clays and silts, retain more water due to their higher surface area,
leading to higher dielectric constants. Clays can hold up to 60% of their weight in water,
while sands retain less than 15% (Hillel, 1998). Techniques like sieving, sedimentation, and
laser diffraction are used to measure PSD, which is crucial for understanding soil behavior
and dielectric response (Gee & Or, 2002).

Numerical analyses show that soils with higher clay content have significantly higher
dielectric constants and greater sensitivity to moisture changes. For example, dielectric
constants in clayey soils can increase by up to 30% with a 10% increase in water content,
compared to a 10-15% increase in sandy soils (Evans et al., 2019). Understanding the
relationship between PSD and dielectric properties is essential for improving soil moisture
measurement and remote sensing applications in agriculture and environmental monitoring
(Robinson et al., 2019).

5. Mineral Composition and Its Influence on Dielectric Properties

The mineral composition of soil is another critical factor that affects its dielectric properties.
Different minerals have distinct dielectric constants, and the relative proportions of these
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minerals within the soil matrix significantly influence the overall dielectric response.
Common minerals found in soils include quartz, feldspar, micas, and clay minerals like
kaolinite, illite, and montmorillonite. These minerals vary not only in their dielectric
characteristics but also in their ability to retain moisture, further complicating the dielectric
behaviour of soils under different conditions (Robinson et al., 2019).

Influence of Quartz and Silicates

Quartz, a prevalent mineral in sandy soils, has a relatively low dielectric constant, typically
between 4 and 5. Due to its low water retention capacity, quartz-dominated soils generally
exhibit lower dielectric constants compared to soils rich in clay minerals. Feldspar and micas,
which are also common silicate minerals, have slightly higher dielectric constants but remain
on the lower end compared to clay minerals. Sandy soils, which contain high amounts of
quartz, typically have dielectric constants ranging from 2 to 4 in dry conditions, reflecting the
low polarizability and moisture retention of quartz (Peplinski et al., 1995).

Role of Clay Minerals

Clay minerals, such as kaolinite, montmorillonite, and illite, significantly affect the dielectric
properties of soil due to their high surface area and water retention capacity. Montmorillonite,
for example, has an exceptionally high-water retention capacity and can absorb up to ten
times its weight in water, which results in a much higher dielectric constant. In dry
conditions, the dielectric constant of montmorillonite-rich soils can be as high as 6 to 8, but
when saturated, it can increase to 30 or more (Hillel, 1998). Kaolinite and illite, though less
expansive, also contribute to higher dielectric constants, particularly in soils with elevated
moisture content.

Research indicates that clay-rich soils can exhibit dielectric constants in the range of 4 to 6
when dry and between 15 and 30 when saturated with water (Topp et al., 1980). For example,
a soil composed of 20% montmorillonite, 40% quartz, and 40% other minerals may have a
dielectric constant of around 4 when dry but may exceed 20 when its water content reaches
15% (Evans et al., 2019). This significant variability highlights the critical role of clay
minerals in influencing soil dielectric properties, particularly under changing moisture
conditions.

Impact of Iron Oxides and Carbonates

Iron oxides, such as hematite and goethite, are also found in many soils, particularly in
tropical and subtropical regions. These oxides are typically less abundant but can still affect
dielectric behaviour due to their conductive properties. While the dielectric constant of pure
iron oxide minerals is relatively low, their presence can increase the soil’s dielectric loss
factor due to their conductive nature (Wang & Schmugge, 1980). Soils with high iron oxide
content tend to exhibit higher energy dissipation, particularly at microwave frequencies,
which can influence the accuracy of remote sensing measurements.
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Carbonates, such as calcite and dolomite, are commonly found in arid and semi-arid soils.
These minerals typically have dielectric constants between 6 and 9, depending on their
composition and the amount of moisture present (Peplinski et al., 1995). While they do not
significantly affect water retention, carbonates can influence the soil's overall dielectric
response by contributing to its bulk dielectric constant, particularly in dry environments
where moisture content is low.

Numerical Insights into Mineral Composition and Dielectric Properties

The mineral composition of soil not only influences its dielectric constant but also the soil’s
ability to respond to changes in frequency. Numerical studies have demonstrated that soils
with higher clay content and more expansive minerals, such as montmorillonite, exhibit
stronger frequency dependence compared to quartz-rich soils. At frequencies below 1 GHz,
the dielectric constant of clay-rich soils can range between 15 and 20, while quartz-
dominated soils exhibit values between 3 and 5. However, at higher frequencies (above 10
GHz), the dielectric constant of clay-rich soils can decrease to 10-12, while quartz-rich soils
remain relatively constant (Robinson et al., 2019).

For instance, a study by Peplinski et al. (1995) found that the dielectric constant of a soil
composed of 50% montmorillonite decreased from 20 at 1 GHz to 12 at 10 GHz, while a
sandy soil with 80% quartz exhibited minimal change, ranging from 4.5 to 3.8 over the same
frequency range. This frequency-dependent behaviour is particularly relevant for applications
in remote sensing and geophysical exploration, where the selection of frequency bands can
affect the accuracy of soil property measurements.

Influence of Soil Organic Matter

In addition to mineral composition, the presence of organic matter in soil can also affect its
dielectric properties. Organic matter typically has a lower dielectric constant compared to
most minerals, generally in the range of 2 to 4 (Robinson et al., 2019). However, it plays a
critical role in enhancing soil structure and water retention capacity, indirectly influencing the
dielectric behaviour of soil. Soils with higher organic content tend to have higher moisture
retention, which can lead to an increase in the overall dielectric constant, particularly under
moist conditions.

For example, a study by Campbell (1985) demonstrated that soils with 5% organic matter
content can have dielectric constants 10-20% higher than similar soils with less than 1%
organic matter under the same moisture conditions. This highlights the importance of
considering both organic content and mineral composition when evaluating the dielectric
properties of soil, particularly for agricultural and environmental monitoring applications
where soil structure and moisture dynamics are critical.

Salinity and Conductivity

Soil salinity is another factor that affects dielectric properties, particularly through its
influence on soil conductivity. Soils with higher concentrations of dissolved salts tend to have
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higher dielectric loss factors due to increased ionic conductivity, which leads to greater
energy dissipation when exposed to electromagnetic fields (Wang & Schmugge, 1980).
Numerical data show that soils with salinity levels of 2% or higher can exhibit dielectric loss
factors more than 50% greater than non-saline soils, particularly at lower frequencies
(Dobson et al., 1985). This behaviour is important in arid and coastal regions where saline
soils are prevalent, and where accurate dielectric property measurements are essential for
applications such as irrigation management and soil health monitoring.

In conclusion, the mineral composition of soil, particularly the presence of clay minerals, iron
oxides, carbonates, and organic matter, plays a fundamental role in determining its dielectric
properties. Understanding the complex interactions between these minerals and their
influence on soil’s ability to retain moisture and respond to electromagnetic fields is essential
for advancing applications in soil moisture sensing, geophysical exploration, and precision
agriculture. By accounting for the influence of mineral composition, researchers can improve
models for predicting soil dielectric behaviour under different environmental and moisture
conditions, ultimately enhancing the accuracy of soil property measurements.

6. Experimental Methodology

The experimental methodology for studying the dielectric properties of soil involves several
key steps, including sample collection, particle size analysis, mineral composition
assessment, and dielectric measurement under controlled conditions. This section outlines the
methods employed to ensure accurate and replicable results.

Sample Collection

Soil samples were collected from multiple locations with varying textures and compositions,
including sandy, loamy, and clayey soils, to capture a broad range of dielectric responses.
Each sample was taken from the top 0-30 cm of the soil profile, as this layer is the most
relevant for surface-based dielectric studies (Robinson et al., 2019). Samples were air-dried
and passed through a 2 mm sieve to remove larger particles and organic debris.

Particle Size Distribution Analysis

Particle size distribution (PSD) was analysed using the hydrometer method for fine particles
and dry sieving for coarser particles, following the USDA classification. The hydrometer
method allows accurate measurement of particles smaller than 0.002 mm, which are critical
in determining the influence of clay content on dielectric properties. Numerical data on the
PSD of the samples indicated that clay content ranged from 15% to 45%, while sand content
varied from 10% to 70% across the samples, reflecting diverse textural classes (Hillel, 1998).

Mineral Composition Assessment

Mineral composition was analysed using X-ray diffraction (XRD) to identify the dominant
minerals present in each sample. Key minerals identified included quartz, feldspar, kaolinite,
and montmorillonite, with quartz content varying between 30% and 60%, while clay minerals
such as kaolinite and montmorillonite accounted for 10% to 25%. The mineral composition
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of each sample was critical in correlating PSD with dielectric behaviour, as different minerals
exhibit distinct dielectric constants (Peplinski et al., 1995).

Dielectric Measurement

The dielectric properties of soil samples were measured using a network analyser across a
frequency range of 1 MHz to 3 GHz. The samples were prepared by placing them in
cylindrical containers with moisture levels adjusted to 5%, 10%, and 15% volumetric water
content (VWC). The network analyser recorded both the dielectric constant and dielectric
loss factor at each frequency. Results indicated that the dielectric constant varied from 3 to
20, depending on the moisture content, particle size, and mineral composition (Topp et al.,
1980). Sandy soils exhibited lower dielectric constants (3-5), while clayey soils ranged from
10 to 20 under similar moisture conditions.

Moisture Content Control

Moisture content was controlled using a gravimetric method, where the samples were
incrementally moistened, and dielectric properties were measured after each moisture
addition. This step was crucial for correlating the influence of moisture with the dielectric
response, particularly since water's dielectric constant is significantly higher than that of soil
particles, affecting overall measurements (Evans et al., 2019).

Data Analysis

Data were analysed using regression models to assess the relationship between dielectric
properties, particle size distribution, mineral composition, and moisture content. The
dielectric constant was found to increase by approximately 15% for every 5% increase in
VWC, while soils with higher clay content showed more significant variability, with
dielectric constants increasing by up to 30% for the same moisture increment (Topp et al.,
1980).

In conclusion, the experimental methodology employed rigorous protocols for soil collection,
particle size, and mineral analysis, ensuring that the dielectric measurements accurately
reflected the influence of soil composition and moisture content. These methods provided
valuable insights into the complex interactions between soil properties and their dielectric
responses, essential for applications in soil moisture sensing and geophysical exploration.

7. Results and Discussion
7a. Particle Size Distribution and Mineral Composition

Particle size distribution (PSD) and mineral composition are two critical factors influencing
the dielectric properties of soil. Particle size directly affects the soil’s porosity, water
retention, and surface area, while mineral composition determines the dielectric constants of
the individual particles, which collectively impact the soil's overall dielectric response. This
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section presents the relationship between particle size distribution and mineral composition,
along with numerical data and a table summarizing key findings.

Particle Size Distribution

Soil is typically classified into three primary particle size fractions: sand (2.0 to 0.05 mm),
silt (0.05 to 0.002 mm), and clay (<0.002 mm). The proportions of these fractions determine
the soil texture, which in turn affects its dielectric properties. Clayey soils, with particles
smaller than 0.002 mm, tend to have higher surface areas, greater water retention, and a more
significant influence on the dielectric constant due to their interaction with moisture (Hillel,
1998). In contrast, sandy soils, with larger particle sizes, exhibit lower dielectric constants, as
their lower water retention limits the impact of water on their dielectric properties.

Table 1 provides a summary of particle size distribution for different soil samples used in
this study:

Table 1: Particle Size Distribution of Soil Samples
Soil Type Sand (%) Clay (%)
Sandy Soil 70% 15%

Loamy Soil 40% 30%

Clayey Soil 20% 45%

Silty Soil 60% 20%

As shown in Table 1, sandy soils consist of up to 70% sand particles, while clayey soils
contain up to 45% clay. This distribution impacts water retention, with clay-rich soils
retaining more water, leading to higher dielectric constants. For example, sandy soils with
15% clay exhibit dielectric constants of around 4 to 6 under dry conditions, whereas clayey
soils with 45% clay content can reach values as high as 10 to 15, even with minimal moisture
(Robinson et al., 2019).

Mineral Composition

Mineral composition further modifies the dielectric properties of soil by affecting the
dielectric constants of individual particles. Soils are primarily composed of silicates (quartz,
feldspar), aluminosilicates (clay minerals), and oxides. Each of these minerals has a distinct
dielectric constant, influencing the overall dielectric response based on their concentration in
the soil matrix.

Table 2 outlines the mineral composition of the same soil samples.

Table 2: Mineral Composition of Soil Samples

Soil Type | Quartz (%) | Clay Minerals (%)
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Sandy Soil | 60% 15%
Loamy Soil | 40% 30%
Clayey Soil | 30% 45%
Silty Soil 50% 20%

Quartz, being a predominant mineral in sandy soils, has a dielectric constant between 4 and 5,
while clay minerals, such as montmorillonite and kaolinite, exhibit higher dielectric constants
of 6 to 8 in dry conditions and up to 30 when saturated (Topp et al., 1980). The clay mineral
content in soils, ranging from 15% to 45% across samples, significantly influences their
ability to retain moisture, thereby affecting their dielectric properties.

For example, a loamy soil with 30% clay minerals and 40% quartz may have a dielectric
constant of around 10 under moderate moisture conditions (10% volumetric water content).
In contrast, a clayey soil with 45% clay and 30% quartz can exhibit dielectric constants
exceeding 20 under the same moisture conditions (Evans et al., 2019).

Correlation Between Particle Size Distribution and Mineral Composition

The relationship between particle size distribution and mineral composition is complex. Soils
with a higher proportion of finer particles (clay) tend to have higher proportions of clay
minerals, which increases both the soil's water retention capacity and its dielectric constant.
Conversely, sandy soils, dominated by larger particles and quartz, show lower dielectric
responses due to their limited ability to retain water.

Numerical data demonstrate that the dielectric constant of soils increases by approximately
10% to 15% for every 5% increase in clay content, while quartz-rich soils exhibit minimal
change. For example, a clayey soil with 45% clay shows a dielectric constant of 12 under dry
conditions, compared to 6 for a sandy soil with only 15% clay content (Topp et al., 1980).
These variations underscore the importance of both particle size and mineral composition in
determining soil dielectric properties.

In conclusion, particle size distribution and mineral composition are key factors influencing
the dielectric behaviour of soils. The varying proportions of sand, silt, and clay, along with
the concentration of minerals like quartz and clay minerals, determine the soil's ability to
retain moisture and its overall dielectric response. Understanding these relationships is
essential for applications such as soil moisture sensing, remote sensing, and geophysical
exploration.

7b. Comparison of Dielectric Properties Across Different Soil Types

The dielectric properties of soil vary significantly depending on factors such as soil type,
particle size distribution, mineral composition, and moisture content. Each soil type—
whether sandy, loamy, clayey, or silty—exhibits distinct dielectric characteristics due to
differences in these parameters. This section compares the dielectric constants and dielectric
losses across various soil types, supported by numerical data and tables.
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Dielectric Constant Across Soil Types

The dielectric constant (¢') is a measure of a material's ability to store electrical energy in an
electric field. In soils, the dielectric constant is highly influenced by moisture content and soil
texture. Sandy soils, with their larger particle sizes and lower water retention capacity,
generally exhibit lower dielectric constants than clayey soils, which have smaller particles
and higher water retention.

Table 3 provides a comparative summary of dielectric constants for different soil types under
varying moisture conditions (5%, 10%, and 15% volumetric water content).

Table 3: Dielectric Constant (g') of Soil Types at Different Moisture Levels
Soil Type 5% VWC 10% VWC 15% VWC
Sandy Soil 4.5 6.2 7.8

Loamy Soil 6.5 10.4 14.5

Clayey Soil 9.0 15.2 20.8

Silty Soil 7.0 11.1 16.0

From Table 3, it is evident that the dielectric constant increases with moisture content across
all soil types. For instance, the dielectric constant of sandy soil rises from 4.5 at 5% VWC to
7.8 at 15% VWC. In comparison, clayey soils, which retain more water, exhibit much higher
dielectric constants, reaching up to 20.8 at 15% VWC. This significant difference can be
attributed to the higher clay content in clayey soils, which promotes higher water retention
and, consequently, a higher dielectric constant (Topp et al., 1980).

Loamy soils, with a balanced mix of sand, silt, and clay, exhibit moderate dielectric
properties, with their dielectric constant increasing from 6.5 to 14.5 as moisture content rises
from 5% to 15%. Silty soils, which have finer particles than sandy soils but less clay content
than loamy or clayey soils, show intermediate dielectric responses, with values ranging from
7.0 to 16.0 across the same moisture levels (Robinson et al., 2019).

Dielectric Loss Across Soil Types

Dielectric loss (¢") reflects the energy dissipation within the soil when subjected to an
alternating electric field. The dielectric loss is also influenced by the moisture content and the
type of minerals present. Clay-rich soils tend to exhibit higher dielectric losses due to their
ability to retain water and their higher mineral content.

Table 4 shows the dielectric loss values for different soil types at various moisture levels.

Table 4: Dielectric Loss (¢'') of Soil Types at Different Moisture Levels

Soil Type 5% VWC 10% VWC 15% VWC
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Sandy Soil 0.8 1.2 1.7
Loamy Soil 1.5 2.5 3.8
Clayey Soil 2.2 4.5 6.0
Silty Soil 1.3 2.0 3.5

As shown in Table 4, dielectric loss increases with moisture content across all soil types, like
the dielectric constant trend. Clayey soils exhibit the highest dielectric losses, rising from 2.2
at 5% VWC to 6.0 at 15% VWC. This is due to their high-water retention and the presence of
clay minerals like montmorillonite and kaolinite, which enhance the ability to dissipate
energy (Peplinski et al., 1995).

Sandy soils, with their low water retention capacity and high quartz content, show the lowest
dielectric losses, ranging from 0.8 at 5% VWC to 1.7 at 15% VWC. Loamy and silty soils,
with intermediate textures, exhibit moderate dielectric loss values, reflecting their balanced
composition of sand, silt, and clay minerals.

Comparative Analysis

The comparative analysis of dielectric properties across soil types highlights several key
trends:

1. Dielectric Constant Variation: The dielectric constant varies significantly with soil
texture and moisture content. Sandy soils consistently show the lowest dielectric
constants, while clayey soils demonstrate the highest due to their high-water retention
and fine particles. Loamy and silty soils fall between these extremes.

2. Effect of Moisture Content: Moisture content plays a critical role in determining
dielectric properties. For every 5% increase in volumetric water content, the dielectric
constant of clayey soils can increase by up to 50%, while sandy soils show a more
moderate increase of around 30% (Evans et al., 2019).

3. Dielectric Loss Dependence: Dielectric loss is similarly dependent on both moisture
content and soil composition. Soils with higher clay content exhibit greater dielectric
loss, especially at higher moisture levels. The energy dissipation in clayey soils can be
up to three times higher than in sandy soils at 15% VWC, reflecting the higher
electrical conductivity and water retention in finer-textured soils.

Practical Implications

Understanding the variation in dielectric properties across soil types is crucial for applications
such as soil moisture sensing, remote sensing, and geophysical surveys. For instance,
dielectric sensors used for moisture measurement need to be calibrated differently for sandy,
loamy, clayey, and silty soils to account for the variability in dielectric constants and losses
(Topp et al., 1980). Additionally, the higher dielectric loss in clay-rich soils suggests that
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energy dissipation is more significant, which can impact the effectiveness of electromagnetic-
based soil surveys.

In conclusion, the dielectric properties of soils vary widely across different soil types, with
clayey soils exhibiting the highest dielectric constants and losses, while sandy soils display
the lowest values. This comparison emphasizes the need for tailored approaches when using
dielectric properties for soil analysis, especially in moisture monitoring and environmental
studies.

7c. Analysis of the Effects of Particle Size and Mineral Composition on Dielectric
Properties

The dielectric properties of soil are significantly influenced by particle size distribution and
mineral composition. These factors impact the soil’s ability to store and dissipate electrical
energy, which is crucial for applications in soil moisture sensing and geophysical studies.
This section provides a detailed analysis of how particle size and mineral composition affect
dielectric properties, supported by numerical data and tables.

Particle Size Influence

Particle size distribution affects the soil’s texture and porosity, which in turn influences its
dielectric properties. Finer particles, such as clay, have a larger surface area and higher
surface charges compared to coarser particles like sand. This results in greater water retention
and higher dielectric constants for soils with higher clay content.

Table 5 summarizes the dielectric constants for soils with varying particle sizes at 10%
volumetric water content (VWC):

Table 5: Dielectric Constant (¢') of Soils with Different Particle Sizes

Soil Type Sand (%) Clay (%) | Dielectric Constant (g')
Sandy Soil 70% 15% 6.2

Loamy Soil | 40% 30% 10.4

Clayey Soil | 20% 45% 15.2

Silty Soil 60% 20% 11.1

As shown in Table S, soil texture plays a critical role in determining dielectric constants.
Sandy soils with 15% clay content exhibit a dielectric constant of 6.2, whereas clayey soils
with 45% clay content reach up to 15.2. This increase is attributed to the higher water
retention capacity and the greater surface area of clay particles, which enhances the soil's
ability to store electrical energy (Hillel, 1998).

Mineral Composition Influence
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Mineral composition impacts the dielectric properties by contributing different dielectric
constants to the soil matrix. Common soil minerals include quartz, feldspar, and clay
minerals. Each mineral has a specific dielectric constant, which affects the overall dielectric
response of the soil.

Table 6 provides dielectric constants for various minerals commonly found in soils:

Table 6: Dielectric Constants of Soil Minerals

Mineral Dielectric Constant (¢') | Typical Content in Soil (%)
Quartz 4.0-5.0 30-60

Feldspar 6.0-8.0 10-25

Kaolinite 6.0-8.0 5-15

Montmorillonite | 10.0-30.0 5-20

Table 6 illustrates the dielectric constants of key soil minerals. Quartz, the most common
mineral in sandy soils, has a dielectric constant of 4.0-5.0, contributing to lower overall
dielectric constants in sandy soils. In contrast, clay minerals such as montmorillonite have
much higher dielectric constants, ranging from 10.0 to 30.0, which significantly increases the
dielectric constant of clay-rich soils (Peplinski et al., 1995).

Combined Effects of Particle Size and Mineral Composition

The interaction between particle size distribution and mineral composition creates a complex
relationship affecting soil dielectric properties. For instance, soils with high clay content and
minerals such as montmorillonite exhibit high dielectric constants and losses due to their
ability to retain more water and their high surface charge (Topp et al., 1980). In contrast,
sandy soils with high quartz content display lower dielectric constants and losses due to
reduced water retention and lower surface area.

Table 7 shows the combined effect of particle size and mineral composition on dielectric
constants for different soil types:

Table 7: Combined Effect of Particle Size and Mineral Composition on Dielectric
Constant (')

Soil Mineral Dielectric Comments

Type Composition Constant (¢')

Sandy 60% Quartz, 15% | 6.2 Low due to high quartz content and
Soil Clay low clay content

Loamy 40% Quartz, 30% | 10.4 Moderate due to balanced mineral
Soil Clay composition
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Clayey 30% Quartz, 45% | 15.2 High due to high clay content and

Soil Clay montmorillonite

Silty Soil | 50% Quartz, 20% | 11.1 Intermediate due to higher silt and
Clay clay content

Table 7 demonstrates how both particle size and mineral composition affect the dielectric
constant. Sandy soils, with high quartz content and low clay, have lower dielectric constants,
while clayey soils, with high clay and montmorillonite, exhibit much higher dielectric
constants (Robinson et al., 2019).

Practical Implications

Understanding the effects of particle size and mineral composition on dielectric properties is
essential for accurate soil moisture measurement and remote sensing. For example, dielectric
sensors must be calibrated for different soil types to account for variations in dielectric
constants caused by particle size and mineral composition (Evans et al., 2019). Additionally,
geophysical surveys must consider these factors to accurately interpret soil composition and
water content from dielectric measurements.

In conclusion, particle size distribution and mineral composition are crucial determinants of
soil dielectric properties. Finer particles and higher clay content generally lead to higher
dielectric constants and losses, while coarser particles and minerals like quartz result in lower
dielectric responses. This understanding aids in optimizing soil analysis techniques and
improving the accuracy of soil moisture and geophysical measurements.

Conclusion

In this study, we explored the dielectric properties of soil with a focus on the effects of
particle size distribution and mineral composition. The findings highlight several key insights
into how these factors influence the dielectric behaviour of different soil types.

1. Influence of Particle Size Distribution: The particle size distribution of soil—comprising
sand, silt, and clay—significantly impacts its dielectric properties. Finer particles, such as
those found in clay, increase the soil’s surface area and water retention capacity, leading to
higher dielectric constants and dielectric losses. Conversely, coarser particles in sandy soils
result in lower dielectric constants and losses due to their reduced surface area and lower
moisture retention capacity. This relationship underscores the importance of particle size in
determining soil's ability to store and dissipate electrical energy.

2. Impact of Mineral Composition: Mineral composition further modifies the dielectric
properties of soil. Minerals like quartz, feldspar, and various clay minerals contribute
differently to the soil’s dielectric response. Quartz, predominant in sandy soils, has a lower
dielectric constant, while clay minerals like montmorillonite exhibit much higher dielectric
constants. This disparity significantly affects the overall dielectric properties of soils, with
clayey soils showing markedly higher dielectric constants and losses compared to sandy soils.
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3. Combined Effects of Particle Size and Mineral Composition: The interplay between
particle size and mineral composition creates a complex landscape of dielectric properties.
For example, clayey soils, with high clay content and minerals like montmorillonite,
demonstrate the highest dielectric constants and losses. In contrast, sandy soils with high
quartz content exhibit lower dielectric properties. This combined effect highlights the need
for tailored approaches in soil analysis, particularly in applications involving moisture
measurement and geophysical surveys.

4. Practical Implications: Understanding the dielectric properties of soil and their
dependence on particle size and mineral composition is crucial for improving the accuracy of
soil moisture sensors, remote sensing technologies, and geophysical exploration methods.
Calibration of dielectric sensors and interpretation of geophysical data must account for these
variations to ensure accurate measurements and analyses.

In summary, the dielectric properties of soil are influenced by a combination of particle size
distribution and mineral composition. Finer particles and clay minerals generally lead to
higher dielectric constants and losses, whereas coarser particles and minerals like quartz
result in lower dielectric responses. These insights are essential for optimizing soil analysis
techniques and enhancing the effectiveness of soil moisture and geophysical measurements.
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