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Preface

Gamma rays have become an indispensable tool in diverse fields of science and
technology in the modern era. Their unique properties allow gamma rays to be uti-
lized innovatively to advance scientific knowledge and drive technological progress.
Therefore, the scientific community must continue to explore novel applications of
gamma rays and share findings on their utilization. This book extensively examines
the various domains in which gamma rays are significant, highlighting their promise
in areas such as geological surveying and agricultural progress. The chapters in this
volume seek to offer readers a thorough comprehension of the diverse applications of
gamma rays, encompassing both theoretical and practical elements.

The opening chapter establishes the context for our exploration, encouraging read-
ers to explore the fascinating realm of gamma rays and its complex links to scientific
exploration and technological advancement. It functions as an entry point to the fol-
lowing chapters, briefly previewing the extensive range of opportunities that gamma
rays offer.

Chapter 2 explores the field of radioactive prospecting, emphasizing the effectiveness
of gamma-ray spectroscopy in identifying fault traces. This application demonstrates
the crucial significance of gamma rays in geological investigation, enhancing our
comprehension of the Earth’s composition and structure.

Chapter 3 delves into the use, progress, and difficulties of gamma ray-induced muta-
genesis for enhancing crops extending beyond the Earth’s surface. Utilizing gamma rays
to improve crop characteristics presents opportunities for agricultural advancement,
effectively tackling the worldwide issues of food security and sustainable agriculture.

Chapter 4 explores the interaction between gamma irradiation and entomopathogenic
fungi, explicitly investigating how they jointly impact the biological characteristics of
Galleria mellonella L. This study enhances our comprehension of the intricate inter-
play between gamma radiation and biological organisms, with potential ramifications
for pest management tactics.

Chapter 5 examines the impact of gamma irradiation on the improvement of the
nutrition and flavor quality of soybeans, demonstrating the potential of gamma rays
in enhancing food quality and nutritional value. This application caters to the increas-
ing demand for sustainable food production solutions and emphasizes the influence
of gamma rays on dietary results.

As you begin this journey via this book’s pages, you will learn about the various
uses of gamma rays, ranging from their application in prospecting and agriculture
to their influence on biological systems. Every chapter serves as evidence of the
dynamic characteristics of gamma rays and their extensive consequences in several
scientific fields.



This book aims to ignite your interest and serve as a helpful resource for researchers,
students, and enthusiasts keen to delve into the diverse applications of gamma rays in
science and technology.

The editors would like to thank all the contributors for sharing their expertise and
Publishing Process Manager Ms. Mirna Papuga at IntechOpen for her continuous
assistance in finalizing this work. We are grateful to the publishers for their support
in bringing out this timely volume. We hope the book will serve as a valuable resource
for students, researchers, and professionals interested in understanding the multifac-
eted applications of gamma rays.

Hosam M. Saleh and AmalI. Hassan
Egyptian Atomic Energy Authority,
Cairo, Egypt
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Chapter1

Introductory Chapter: Exploring
the Multifaceted Applications

of Gamma Rays in Science

and Technology

Hosam M. Saleh and Amal I. Hassan

1. Introduction

The physics of gamma rays, which occupy the highest energy end of the
electromagnetic spectrum, is intriguing and complex. Although gamma rays are most
often linked with the most powerful and explosive phenomena in the cosmos, they
also have significant consequences and uses on our home planet. This introductory
chapter tries to demystify gamma rays, explaining their existence, origin, and the
countless ways in which they impact and contribute to different scientific areas.

The gamma ray is the highest frequency and most powerful kind of electromag-
netic energy. Gamma rays are electromagnetic radiation with a frequency of more
than 10 exahertz and a wavelength shorter than 10 picometers, making them distinct
from other forms of electromagnetic radiation [1].

Gamma rays’ origins are just as interesting as their characteristics. The decay of
radioactive nuclei, also known as gamma decay, is a major contributor to this kind of
radiation because it occurs when an unstable atomic nucleus releases a gamma ray as a
means of dissipating its excess energy. This phenomenon is fundamental to compre-
hending many radioactive processes occurring on our planet [2, 3].

Also, gamma rays may come from sources other than Earth. These very powerful
rays may be found in abundance throughout the universe. The ubiquitous gamma-ray
background is mostly fueled by violent cosmic phenomena, including supernovae, the
explosive death of big stars, and the interactions surrounding black holes and neutron
star mergers. These astronomical occurrences reveal the tremendous power and rapid
processes taking place in the depths of space [4].

The unique ability of gamma rays to interact with matter sets them different from
other electromagnetic waves. Their enormous intensity enables them to penetrate
materials more deeply than X-rays, making them a weapon of great usefulness and
peril. This penetrating strength is used in radiation treatment for cancer, which
destroys cancer cells [5]. However, the ionizing nature of gamma rays, which may
disrupt chemical bonds and cause biological damage, presents considerable hurdles in
terms of safety and radiation protection [5].

Scintillation detectors, semiconductor detectors, and Geiger-Miiller tubes are only
some of the specialized pieces of kit needed to detect and measure gamma rays. Due
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to the tremendous penetrating force and energy of gamma rays, these instruments are
essential to their investigation.

Overall, gamma rays constitute a noteworthy and strong component of the elec-
tromagnetic spectrum [6]. Their unusual penetrating force and high energy, together
with their generation from both terrestrial and cosmic processes, set them apart from
other kinds of electromagnetic radiation, and have made them a topic of continuing
interest and research in the domains of physics, astronomy, and medicine.

2. Applications and benefits

The ongoing investigation of gamma rays has been essential in uncovering novel
and captivating prospects inside several scientific domains. An area that shows sig-
nificant potential is the development of gamma ray lasers, which have the capability
to produce gamma radiation beams with great coherence, similar to laser beams in the
visible spectrum. These gadgets have the potential to revolutionize several fields such
as medical imaging, security scanning, manufacturing, and other relevant applica-
tions. Simultaneously, enhanced comprehension of gamma ray interactions facilitates
progress in radiation therapy, wherein procedures such as gamma knife surgery
contribute to the treatment of previously incurable tumors by precisely targeting the
affected tissue [7, 8]. The ongoing investigation of gamma rays has been essential in
uncovering novel and captivating prospects inside several scientific domains. An area
that shows significant potential is the development of gamma ray lasers, which have
the capability to produce gamma radiation beams with great coherence, similar to
laser beams in the visible spectrum. These gadgets have the potential to revolutionize
several fields such as medical imaging, security scanning, manufacturing, and other
relevant applications. Simultaneously, enhanced comprehension of gamma ray inter-
actions facilitates progress in radiation therapy, wherein procedures such as gamma
knife surgery contribute to the treatment of previously incurable tumors by precisely
targeting the affected tissue.

Positron emission tomography (PET) scans are a prominent use of gamma rays
within the field of diagnostic imaging (Figure 1). PET scans employ a radioactive
tracer, often a type of glucose, which is injected into the patient’s bloodstream. The
tracer releases positrons that engage in interactions with electrons inside the body,
leading to the subsequent emission of gamma rays [9]. Subsequently, the PET scan-
ner captures and detects these rays, generating intricate visual representations of the
interior anatomical systems inside the body.

Positron emission tomography (PET) scans are of significant importance in the
field of cancer due to their ability to provide insights into the metabolic activity of
cells. Cancer cells exhibit enhanced metabolic activity, resulting in increased uptake
of the radioactive tracer and thus manifesting as heightened brightness on positron
emission tomography (PET) pictures. The inclusion of this characteristic makes PET
scans a very effective modality for the detection of cancer, evaluation of tumor metas-
tasis, and surveillance of the efficacy of cancer therapies [10]. The use of gamma
rays in medicine brings numerous benefits. In treatment, the precision of techniques
like Gamma Knife surgery allows for effective treatment of tumors with reduced risk
and discomfort compared to traditional surgery. In diagnostics, PET scans provide
detailed images that are crucial for early detection and treatment planning [11].

However, the use of gamma rays is not without risks. Due to their high energy
and ionizing nature, gamma rays can cause damage to living tissues. This necessitates
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careful control and minimization of exposure to protect patients and medical staff.
The risks are mitigated through precise targeting in treatments and minimal tracer
usage in diagnostics, but they remain a critical consideration in the medical use of
gamma rays [12].

Gamma rays, with their unique properties, have found a wide range of applica-
tions in various industrial and environmental contexts, enhancing safety, efficiency,
and quality in these sectors. One of the primary industrial uses of gamma rays is in
non-destructive testing (NDT). This process involves inspecting materials, compo-
nents, or assemblies for defects without causing damage. Gamma rays, due to their
high penetrative power, are ideal for this purpose. They can penetrate various materi-
als, including metals, plastics, and ceramics, allowing for the internal examination of
objects [13].

In NDT, gamma rays are used to create a radiographic image of the item being
inspected. This is similar to taking an X-ray in medical imaging. The gamma rays
pass through the object and are captured on a detector or film on the other side [14].
Any flaws in the material, such as cracks, voids, or inclusions, will absorb or block
the gamma rays differently than the surrounding material, appearing as distinct
anomalies on the radiograph. This method is widely used in various industries,
including aerospace, automotive, and construction, to ensure the integrity and safety
of components.

Gamma rays are also used in food irradiation, a process to ensure food safety
and extend shelf life. Food irradiation involves exposing food to gamma rays to kill
bacteria, parasites, and other pathogens, reducing the risk of foodborne illnesses [15].
It also delays the ripening and sprouting in fruits and vegetables, which helps preserve
their freshness during transportation and storage.

The process of food irradiation is done using sources like Cobalt-60, which emits
gamma rays. The key advantage of using gamma rays is that they effectively sterilize
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food without raising its temperature, keeping the food fresh and preventing the
changes in texture or taste often associated with thermal processing [16].

In environmental monitoring, gamma rays are used to analyze and monitor
various environmental parameters. They can be employed in the measurement of
soil density and moisture content, which is essential for agriculture and construc-
tion projects. Gamma-ray spectrometry is also used to monitor and assess the levels
of natural and artificial radionuclides in the environment, an important aspect of
environmental safety, especially around nuclear facilities [17].

Furthermore, gamma rays are used in tracking and monitoring pollution. For
example, gamma-ray tracing techniques can track the movement of sediments in
rivers and oceans, helping in the study of erosion and sedimentation patterns [17].

The use of gamma rays in these applications offers numerous benefits in terms of
safety and efficiency. In industrial settings, NDT with gamma rays ensures the safety
and reliability of products without damaging them. In food safety, gamma irradia-
tion eliminates harmful organisms, ensuring the safety of the food supply [15]. In
environmental monitoring, gamma rays provide precise and non-invasive means of
analyzing and tracking various environmental factors.

However, the use of gamma rays also requires strict safety protocols to protect
workers and the environment from radiation exposure. Proper shielding, handling,
and storage of gamma-ray sources are essential to ensure safety in these applications.

The safe handling and regulation of gamma rays are paramount due to their high
energy and potential for biological damage. Understanding and adhering to safety
measures and regulatory frameworks are essential to mitigate risks associated with
gamma radiation in various applications, from medical treatments to industrial
processes [18].

One of the primary safety measures in working with gamma rays is the use of
adequate shielding. Materials such as lead, concrete, or specialized alloys are often
used to absorb or reduce gamma radiation, thereby protecting personnel and the
environment [19].

Minimizing the time spent near gamma radiation sources and maximizing the
distance from them are key safety practices. This reduces the exposure and, conse-
quently, the dose of radiation received. In environments where gamma radiation is
present, wearing appropriate protective equipment, such as lead aprons or shields,
is crucial for minimizing exposure. The use of radiation detectors and dosimeters is
essential for monitoring radiation levels and individual exposure. These devices help
in ensuring that exposure stays within safe limits [20].

Comprehensive training for personnel working with gamma rays is essential.
This includes understanding the properties of gamma radiation, knowing the safety
protocols, and being prepared for emergency situations.

The International Atomic Energy Agency (IAEA) and the World Health
Organization (WHO) play a pivotal role in outlining guidelines and standards for
the safe utilization of gamma rays, especially in medical and industrial contexts.
Countries typically have their own regulatory bodies and specific regulations to
govern the use of radiation. These national regulations dictate permissible exposure
limits, safety protocols, and requirements for obtaining licenses and conducting
inspections [21]. Entities employing gamma rays are mandated to acquire the neces-
sary licenses. They are also subject to routine inspections to ensure adherence to safety
standards. Additionally, regulations encompass the safe management, storage, and
disposal of radioactive materials and waste, which is vital for averting environmental
contamination and public exposure.
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The responsible handling of gamma rays transcends regulatory compliance; it is
a moral obligation to guarantee public and environmental safety. Improper manage-
ment or negligence in the handling of gamma rays can result in severe health issues
like radiation sickness, heightened cancer risks, and environmental damage [22].

In medical settings, gamma rays are indispensable for diagnostics and treat-
ment. However, their application necessitates a delicate equilibrium between thera-
peutic advantages and potential risks. Practices such as precise targeting in Gamma
Knife surgery and minimizing unnecessary exposure in diagnostic processes are
crucial [23]. In industrial and environmental sectors, safety protocols are crucial
to safeguard workers and the public from unintended exposure. This is especially
significant in industries like aerospace and construction, where material integrity is
essential for safety.

3. Environmental monitoring

Environmental monitoring plays a crucial role in comprehending and controlling
the well-being of our ecosystems. Gamma rays have become a potent means of evalu-
ating and tracking environmental conditions, out of the many tools and approaches
used [24]. Gamma rays are a form of electromagnetic radiation with high energy that
is emitted from the nuclei of atoms. They possess the ability to permeate through a
majority of substances, rendering them valuable in the identification and quantifica-
tion of diverse chemicals, particularly those that are radioactive [25].

Gamma-ray spectroscopy is employed to cartographically identify both naturally
occurring and human-made radioactive substances present in the surroundings.
Gamma-ray spectroscopy exploits the phenomenon that distinct radioactive isotopes
release distinctive gamma rays at precise energy levels. Through the utilization of
detectors capable of correctly quantifying the exact energy of gamma rays released
from a specific place, scientists can determine the types and quantities of radioactive
elements present [26].

Gamma spectroscopy can be employed in aerial radiation mapping studies to
detect and identify both naturally occurring and artificially generated radioisotopes
in the environment. Helicopters and airplanes fitted with gamma spectrometers
conduct aerial surveys in a systematic pattern over a region, collecting data that is
combined with GPS information to generate intricate maps illustrating radiation
levels throughout the terrain [27]. These maps have the ability to identify higher levels
of uranium, thorium, potassium-40, or other radioactive elements that are linked to
specific rocks or minerals.

Gamma spectroscopic mapping allows for the detection and monitoring of man-
made radioactive pollution resulting from nuclear accidents, fallout from weapons
testing, and incorrect disposal of radioactive waste, among other sources. The
Chernobyl tragedy, for example, enabled scientists to comprehensively determine the
extent to which radiation spread. Following the Fukushima nuclear accident, highly
sensitive equipment was used to identify even small amounts of pollution on the
opposite side of the Pacific Ocean [28].

Gamma spectroscopy mapping data provides accurate radiological profiles of
landscapes and exact distribution patterns of isotopes. This information enables
authorities to enhance their monitoring of environmental radioactivity, evaluate
hazards, respond effectively to emergencies, find misplaced radioactive sources, and
do other related tasks.
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Gamma-ray equipment is employed to monitor post-nuclear incident environ-
ments and evaluate the dispersion and density of radioactive pollutants. Following
an accidental or intentional nuclear release, it is crucial to promptly assess the extent
and scale of radioactive contamination in the affected regions. Utilizing gamma-ray
surveying instruments on vehicles, drones, robots, or handled by reaction workers
can be highly advantageous for this undertaking [29].

Cesium-137, a type of fission product, emits gamma rays that have the ability to
permeate through several commonly found materials. Gamma detectors with high
sensitivity and precise directionality, along with global positioning systems, have the
capability to monitor contamination levels in real-time. This enables the identifica-
tion and mapping of dangers with precise geographical accuracy, which may then be
used to inform decisions on evacuation and remediation [30]. Utilizing aerial gamma
surveys conducted by manned helicopters or drones provides responders with rapid
acquisition of high-resolution data, especially in cases where infrastructure has been
significantly compromised.

Both air sampling using particulate filters and ground-level gamma scans are
essential for comprehensive environmental monitoring. Isotope identities provide
confirmation of the specific nuclear materials that were released, which is crucial for
supporting the medical treatment of those who have been exposed if such treatment
is available. Conducting multiple surveys enables the measurement of changes in
radioactive decay and contaminant movement over a period of time [31].

State-of-the-art spectroscopic gamma detectors offer the highest level of accuracy
in measurements. When used in conjunction with suitable modeling approaches,
this technology has the capability to produce 3D contamination maps that provide
estimates of material depth and activity levels [32]. Ensuring high-quality monitoring
after an incident is crucial for effectively controlling health risks and providing guid-
ance for intricate, prolonged remediation processes.

Gamma rays are used to ascertain the concentration of natural radionuclides in
soils, a vital factor in comprehending soil health and fertility. The concentration
of natural radioisotopes in soil is directly associated with important indices of soil
quality, such as mineral content, texture, and cation exchange capacity (CEC) - which
refers to the soil’s ability to retain nutrients [33]. Gamma-ray spectroscopy enables
the precise quantification of radioisotopes such as potassium-40, uranium-238,
thorium-232, and radioactive cesium, which are commonly found in clay and organic
materials.

Utilizing airborne gamma-ray sensors to survey extensive agricultural regions can
effectively delineate the fluctuation in these radioisotopes. By utilizing this method,
it becomes possible to draw conclusions regarding the distribution of soil composi-
tion zones and the variations in fertility levels throughout extensive territories [34].
This aids in the identification of regions with lower nutrient levels or water reten-
tion capacities, therefore providing valuable insights for agricultural management
strategies.

Portable gamma-ray spectrometers that are located on the ground can also inves-
tigate the concentrations of radioisotopes. The examination of paired soil samples in
a laboratory improves the understanding of the relationships between radioisotope
signals, underlying geology, and agricultural qualities such as permeability, porosity,
drainage class, and particle size distribution [34]. This data enhances comprehension
of soil quality at smaller, more specific scales.

Gamma rays possess non-invasive properties and exceptional penetration capa-
bilities, rendering them an exceptionally valuable tool for deducing both physical and
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chemical attributes of soil. Gamma scanning, when used in soil genesis studies, can
reveal regional variations in weathering and geochemical history [35]. These insights
can assist in directing the process of restoring soils that have been damaged.

The utilization of gamma-ray monitoring is implemented to identify and measure
radionuclides in bodies of water, guaranteeing the security of potable water and
aquatic ecosystems. In response to the Fukushima nuclear accident, authorities in the
United States and Canada established coastal monitoring programs utilizing gamma
spectrometry to monitor the dispersion of cesium, iodine, and other radioactive iso-
topes carried over the Pacific Ocean and into coastal waterways [36]. This facilitated
the prompt identification of any potential contamination hazards. Gamma dose rate
meters installed on floating devices and buoys, which are linked to wireless networks,
have the capability to offer immediate and continuous monitoring of radiation levels
in reservoir water. They can even detect sudden releases of radiation from nuclear
reactors [37].

Drinking water quality can be affected by the presence of natural radioisotopes in
aquifer rock and sediments. In a study conducted in 2022, gamma spectroscopy was
employed to examine the levels of radium in water distribution infrastructure. This
analysis helped to identify specific places and mechanisms that contribute to higher
levels of radioactivity in consumer tap water [38]. Researchers are currently working
on the development of portable gamma detectors for quick and cost-effective moni-
toring of water produced from fracking operations. These detectors will be used with
lab-based ICP-MS analysis to detect short half-life radionuclides.

Gamma-ray analysis has the capability to identify and measure radionuclides
present in the air, which serve as reliable markers of both pollution and nuclear
activity. Natural radionuclides such as radon-222, as well as manufactured isotopes,
have the potential to accumulate in the surrounding air, which can be harmful if
inhaled. According to Shakhashiro et al. [39], gamma spectroscopy is the most
sensitive method for detecting and determining the exact composition of radioactive
substances in the air.

Networks of air particle monitoring stations equipped with gamma detectors pro-
vide uninterrupted data on ambient radiation levels and radioactive concentrations.
It is necessary to investigate any abnormal increases in order to identify potential
sources of pollution or radioactive releases before the general population is exposed
to them [40]. The ability to be aware of events as they happen in real time enables
authorities to make timely and effective decisions.

Various incident scenarios can result in the release of gamma-emitting radioiso-
topes into the atmosphere. These encompass incidents at nuclear sites, mishandling of
medicinal or industrial isotopes, detonation of radiological dispersal devices, and the
dissemination of fallout particles that have been stirred up again. Identifying distinct
fission product signals aids in determining the origin [41].

Drones and unmanned robots, which are equipped with small gamma spectrom-
eters, provide flexibility in mapping incidents from the air and ground, while also
lowering the amount of radiation exposure for responders [42]. Understanding the
dispersal of pollution is crucial for both protection and repair efforts.

Scientists employ gamma rays to investigate the effects of radiation on flora
and fauna, thereby aiding in the preservation of biodiversity. Living beings can be
affected by gamma rays through many methods, which result in the transfer of energy
that can modify cell function and DNA. The process of quantifying radiation effects
aids in the prediction of ecosystem stability and the establishment of safety limits for
animals concerning contamination events or prolonged exposure [43].
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Field gamma spectrometry surveys assess the radiation levels in both natural
background and elevated environments by mapping the distribution of radionuclides
in soil and food chains. The study conducted by Nikolova et al. [44] demonstrates the
use of paired biological sampling to investigate the dynamics of radioisotope transfer
and to establish benchmarks for biodiversity.

The study conducted by Thiemann et al. [45] involves analyzing the genomes,
physiology, and morphology of animals from multiple generations that have been
exposed to controlled gamma, x-ray, or ion beam irradiation. The purpose of this
study is to understand the rates of mutations and the mechanisms of adaption. This
demonstrates the diversity in resistance to radiation among different species.

Some plant studies have shown that exposure to radiation can increase genetic
variety, which may help protect ecosystems against environmental changes at low
doses [46]. Nevertheless, some studies have observed reduced germination, slowed
growth, and lethal effects beyond specific dosage thresholds [47].

Gamma-ray spectroscopy is an advanced analytical method employed to detect
and measure radionuclides in samples from the environment. Through the examina-
tion of gamma-ray spectra, which represent the dispersion of gamma-ray energy
released by radioactive substances, this technique may precisely ascertain the specific
types and quantities of radionuclides that are present [48]. Mastering this method is
crucial for comprehending ambient radioactivity, particularly in regions impacted by
nuclear operations or mishaps. The method’s precision and dependability establish it
as a fundamental technique in the monitoring of environmental radiation. Accurate
interpretation and analysis of gamma-ray spectra necessitate a specialist understand-
ing of nuclear physics due to their intricate complexity.

Portable gamma-ray detectors are essential in field studies. They enable the
collection of measurements directly at the location and prompt examination of
environmental samples [49]. These instruments are highly valuable for quickly
evaluating radiation levels in many contexts, ranging from natural landscapes to
metropolitan surroundings. Their portability allows researchers and workers to carry
out surveys in regions where laboratory analysis may be impractical or unfeasible.
Although these detectors are highly adaptable, they frequently encounter constraints
in terms of sensitivity and accuracy when compared to more advanced laboratory
equipment [49].

Satellite and aerial-based gamma-ray sensors enable remote sensing, providing the
ability to map broad areas for environmental monitoring purposes. This technology is
crucial for conducting large-scale surveys, enabling the identification and cartogra-
phy of radioactive substances across wide areas [50]. It is highly efficient in locations
that are difficult to reach or pose risks, as it can gather crucial data without requiring
the collection of physical samples. These technologies play a crucial role in conduct-
ing extensive environmental evaluations, particularly in monitoring the spread of
radioactive pollutants after a nuclear incident [51].

Although these technologies provide substantial advantages, their deployment
involves several problems and concerns. Deciphering gamma-ray data is intricate and
necessitates a profound comprehension of nuclear physics and environmental science.
The complexity of the data necessitates careful analysis, as any misinterpretation can
result in erroneous conclusions regarding environmental conditions. The sensitivity
and precision of gamma-ray devices, particularly portable detectors, can occasionally
restrict the range of detection and analysis. This constraint is a pivotal element for
carrying out intricate investigations or handling radiation at a minimal intensity [29].
Strict compliance with safety regulations and regulatory criteria is necessary while
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using gamma-ray equipment. Comprehensive safety procedures are required while
handling radioactive materials and operating equipment that emits gamma rays in
order to ensure the protection of both operators and the environment.

4. Expanding applications and future potential

Gamma rays possess distinctive properties including penetration, sterilization,
and material activation capabilities that researchers continue finding innovative
applications for across scientific and industrial fields.

Gamma radiography gauges enable non-destructive analysis of density variances
and physical integrity in materials from concrete to aerospace composites [52].

Food and polymer irradiation harnesses high gamma energy to alter chemical or
molecular structures, creating improved material properties or killing pathogens [53].

Emerging x-ray fluorescence and gamma-ray computed tomography scans paired
with carbon dating verify the age, origins, and preservation states of rare organic
items [54].

Gamma-ray scanning portals provide drive-through screening of shipping con-
tainers, catching shielded nuclear materials [55]. Detection networks leverage signals
from fission events for tracking weapons tests and detonations with high accuracy. 3D
gamma spectroscopy mapping of nuclear forensics debris pinpoints device attributes
aiding attribution [56]. Lab demonstrations of modulated gamma-ray optical com-
munication signals exhibit resistance to scattering with potential for ultra-secure
space transmissions [57]. The versatility and value proposition of gamma radiation
will continue to extend across various applications in the future decades as advance-
ments in source, sensor, compute, and data fusion technologies evolve [58]. The
immense energy of gamma rays could potentially be utilized in the realm of quantum
computing and communication. While this use is more speculative, the possibility
of using gamma rays to manipulate quantum states has the potential to create new
opportunities in this advanced subject [58]. Investigating the capacity of gamma rays
for energy generation, specifically in domains such as nuclear fusion, holds promise
as a prospective field of study. Although it presents difficulties, utilizing gamma rays
for energy has the potential to offer a novel approach to clean and efficient power
production [59]. With the progression of technology, the possibilities for using
gamma rays are expected to broaden, presenting inventive solutions and unveiling
novel opportunities in the fields of research and technology.
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Abstract

Gamma ray induced mutagenesis is a powerful tool for crop improvement that
has been used for decades to generate genetic variability in crops. This method has
advantages over other mutagenic agents due to its high penetrance and ability to
induce a large number of mutations in a single treatment. Recent advancements in
high-throughput screening techniques and molecular marker analysis have facilitated
the identification and characterization of beneficial traits resulting from gamma ray
induced mutagenesis. However, there are also challenges associated with this method,
such as the need to balance trait improvements with potential negative effects on
crop yield or quality, ethical considerations, safety measures, and considerations
for climate-smart agriculture. This chapter provides an overview of the historical
background and principles of gamma ray induced mutagenesis, its applications in
crop improvement and climate-smart agriculture, recent advancements, challenges,
and future directions. The chapter highlights the potential of gamma ray induced
mutagenesis for generating new genetic variation in crops and its potential role in
addressing global food security and climate change challenges.

Keywords: gamma rays, mutagenesis, crop improvement, climate-smart agriculture,
high-throughput screening

1. Introduction

Gamma ray induced mutagenesis, a technique that has been utilized for decades,
plays a significant role in crop improvement by introducing genetic variability in
crops [1, 2]. By subjecting crops to gamma rays, mutations are induced in their
DNA, resulting in the generation of novel genetic variants with desirable traits like
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increased yield, disease resistance, and improved quality [3]. This method has several
advantages over other mutagenic agents, including its high penetrance and ability to
induce a large number of mutations in a single treatment [4].

The use of gamma ray induced mutagenesis for crop improvement dates back to the
1920s and has been successfully employed in various crops such as rice, wheat, barley,
and soybean [3]. In recent years, its significance has grown due to its potential to address
global food security challenges by creating new genetic variations that enhance crop
yields and resilience to environmental stresses [2]. As the world population continues
to increase, ensuring an adequate and sustainable food supply becomes crucial, making
gamma ray induced mutagenesis an invaluable tool for crop breeders and researchers.

Moreover, gamma ray induced mutagenesis intersects with the concept of climate-
smart agriculture, which aims to achieve food security, climate change resilience,
and sustainable agricultural practices [5]. By generating novel genetic variants with
desirable traits such as drought tolerance, this technique contributes to promoting
climate-smart agriculture and supports global efforts towards sustainable agriculture
[2]. With the intensifying impacts of climate change, including more frequent and
severe droughts, it is imperative to develop crops with increased resilience to ensure
food production in such challenging environments.

Gamma ray induced mutagenesis offers an effective means to introduce genetic
variability and select for desired traits in crops. The induced mutations can result in
novel characteristics that might not be present in the existing gene pool, providing
breeders with a broader range of options for crop improvement [1]. This approach
allows for targeted modification of specific traits without introducing genes from
unrelated species, addressing concerns related to genetically modified organisms
(GMOs) and promoting public acceptance of crop improvement methods [4].

Despite its advantages, gamma ray induced mutagenesis does have limitations.
The process is random, and not all induced mutations lead to desirable outcomes.
Additionally, identifying and selecting the desired traits from a large pool of mutants
can be time-consuming and labor-intensive [1]. However, advancements in molecular
techniques, such as high-throughput genotyping and phenotyping, have facilitated
the identification and characterization of mutants with desired traits, expediting the
breeding process [2].

Overall, gamma ray induced mutagenesis is a valuable tool for crop improvement,
enabling the generation of genetic variability and the selection of desirable traits in
crops. Its long history of successful application in various crops and its potential to
address global food security challenges make it a vital technique for ensuring sustain-
able agriculture. Moreover, by contributing to climate-smart agriculture through the
creation of genetic variants with traits like drought tolerance, gamma ray induced
mutagenesis aligns with the goals of sustainable and resilient agricultural practices.
As technology and understanding continue to advance, gamma ray induced muta-
genesis holds promise for further enhancing crop productivity and addressing the
evolving challenges of food security and climate change.

2. Applications of gamma ray induced mutagenesis in crop improvement

2.1 Advantages of gamma ray induced mutagenesis over other mutagenic agents

Gamma ray induced mutagenesis stands out among other mutagenic agents,
including chemical mutagens and transposable elements, due to its numerous
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advantages. One notable advantage is its ability to induce a high frequency of
mutations in a single treatment, thereby facilitating the creation of novel genetic
variants with desirable traits [2]. This high mutagenic efficiency is crucial for crop
improvement efforts as it provides breeders with a greater pool of genetic diversity
to select from.

Another advantage of gamma ray induced mutagenesis is the high penetrance of
gamma rays, which allows them to reach and induce mutations in both coding and
non-coding regions of the DNA. This broad mutational spectrum enables the genera-
tion of diverse mutations that can impact various aspects of crop traits [4]. By target-
ing both coding and non-coding regions, gamma ray induced mutagenesis increases
the likelihood of generating genetic variations that can lead to phenotypic changes
and desired agronomic traits.

Compared to chemical mutagens, gamma ray induced mutagenesis offers several
benefits. Chemical mutagens often have limited specificity and can induce a wide
range of mutations, including undesirable ones. On the other hand, gamma rays
provide a more controlled mutagenesis process, allowing breeders to focus on specific
traits of interest [2]. This targeted approach reduces the likelihood of introducing
unwanted mutations and streamlines the breeding process by narrowing down the
selection pool.

Transposable elements, or jumping genes, have been widely used as mutagenic
agents in crop improvement. However, their application can be challenging due to
their unpredictable behavior and potential to disrupt essential genes. In contrast,
gamma rays offer a more predictable and controllable mutagenesis process, making
them a preferred choice for many crop breeding programs [4]. The ability to induce
mutations in a wide range of genes without the risk of detrimental disruptions
provides a valuable advantage in crop improvement endeavors.

The advantages of gamma ray induced mutagenesis extend beyond its techni-
cal aspects. This approach has a long history of successful application in crop
improvement, with numerous studies demonstrating its effectiveness in generating
new genetic variations with desirable traits [2]. The accumulated knowledge and
experience gained over the years have contributed to the refinement of protocols
and breeding strategies, further enhancing the efficiency of gamma ray induced
mutagenesis.

Furthermore, gamma ray induced mutagenesis aligns with the principles of
sustainable agriculture and environmental stewardship. The technique does not
involve the introduction of genes from unrelated species, alleviating concerns sur-
rounding genetically modified organisms (GMOs) and promoting public acceptance
of crop improvement methods [4]. By utilizing the natural properties of gamma rays
to induce mutations, breeders can develop crops with improved traits while adhering
to sustainable agricultural practices.

In conclusion, gamma ray induced mutagenesis offers several advantages over
other mutagenic agents in crop improvement. Its ability to induce a high frequency
of mutations and target both coding and non-coding regions of the DNA provides
breeders with a diverse pool of genetic variations to select from. Compared to chemi-
cal mutagens and transposable elements, gamma rays offer a more controlled and
predictable mutagenesis process, minimizing the risk of introducing unwanted
mutations and disruptions. The accumulated knowledge and experience in gamma
ray induced mutagenesis, along with its alignment with sustainable agriculture
principles, make it a powerful tool for crop breeders seeking to enhance crop traits
and address global food security challenges.
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2.2 Examples of successful applications of gamma ray induced mutagenesis in
crop improvement

The versatility and success of gamma ray induced mutagenesis are evident in
its application across a wide range of crops. Various studies have demonstrated its
effectiveness in crop improvement, leading to the development of new and improved
varieties in rice, wheat, barley, soybean, and tomato [2].

In rice, gamma ray induced mutagenesis has been instrumental in enhancing
important agronomic traits. For instance, researchers have used this technique to
develop rice varieties with improved yield potential, disease resistance, and drought
tolerance [6]. These newly created varieties hold great promise for addressing the
challenges faced by rice farmers, such as increasing productivity and combating
emerging diseases and climate-related stresses.

Similarly, gamma ray induced mutagenesis has been applied in wheat breeding to
improve gluten quality and baking properties. By subjecting wheat plants to gamma
rays, breeders have successfully generated new wheat varieties with enhanced gluten
characteristics, leading to improved bread-making quality and consumer appeal [7].
This advancement not only benefits wheat producers but also contributes to meeting
the demands of consumers for high-quality baked goods.

In the case of soybean, gamma ray induced mutagenesis has been utilized to
develop varieties with improved nutritional profiles. Researchers have employed this
technique to create soybean varieties with increased protein content, addressing the
needs of industries that rely on soybean as a protein source [8]. Additionally, the reduc-
tion of anti-nutritional factors through gamma ray induced mutagenesis enhances the
nutritional value of soybean, making it a more desirable and beneficial crop.

The successful application of gamma ray induced mutagenesis in these crops high-
lights its potential to address specific challenges and target desired traits. By inducing
mutations in the DNA, this technique allows breeders to explore and exploit the
genetic diversity within a crop species, leading to the development of novel varieties
with improved characteristics.

It is important to note that gamma ray induced mutagenesis is not a standalone
solution but rather a valuable tool in the broader context of crop improvement. It can
be combined with other breeding strategies, such as traditional breeding methods and
advanced molecular techniques, to further enhance the efficiency and precision of
trait selection.

In addition to its practical applications, gamma ray induced mutagenesis con-
tributes to fundamental research in plant genetics and genomics. The induced muta-
tions serve as valuable resources for studying gene function and understanding the
molecular mechanisms underlying important traits [2]. The insights gained from such
studies can inform future breeding efforts and aid in the development of improved
crop varieties.

In conclusion, gamma ray induced mutagenesis has proven to be a successful and
versatile tool in crop improvement. Its application in various crops, including rice,
wheat, barley, soybean, and tomato, has led to the development of novel varieties
with improved traits such as yield, disease resistance, drought tolerance, gluten
quality, and nutritional content. By harnessing the power of gamma rays to induce
mutations, breeders can unlock the genetic potential within crop species and address
the challenges faced by farmers and consumers. Furthermore, gamma ray induced
mutagenesis facilitates research in plant genetics and genomics, contributing to the
advancement of scientific knowledge in the field.
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2.3 Potential for new applications of gamma ray induced mutagenesis in
climate-smart agriculture

Gamma ray induced mutagenesis holds significant potential in the realm of
climate-smart agriculture, offering a promising approach to create genetic variants
with desirable traits such as drought tolerance, heat tolerance, and resistance to
pests and diseases [2]. This technique has already demonstrated its effectiveness in
developing new varieties of wheat and tomato with improved traits, showcasing its
applicability in addressing the challenges of climate change and global food security.

In the face of increasing water scarcity and drought events, the development
of crops with enhanced drought tolerance is crucial for sustainable agriculture.
Gamma ray induced mutagenesis has been utilized to create new varieties of wheat
with improved drought tolerance and yield stability under water-limited conditions
[9]. These new wheat varieties are equipped with genetic modifications that enable
them to better withstand water stress, ensuring more reliable yields and reducing the
vulnerability of farmers to drought-related losses. By harnessing the power of gamma
rays to induce mutations, breeders can access the genetic diversity within wheat popu-
lations and select for traits that confer greater resilience to water scarcity.

Another critical aspect of climate-smart agriculture is the development of crops
with enhanced heat tolerance. Rising global temperatures pose a significant threat to
crop productivity, making the creation of heat-tolerant varieties imperative. Gamma
ray induced mutagenesis has been applied to tomato breeding, resulting in the creation
of new varieties that exhibit improved heat tolerance and fruit quality [10]. These
heat-tolerant tomatoes are capable of withstanding high temperature conditions,
maintaining their productivity and fruit quality even under heat stress. By incorporat-
ing heat tolerance traits into crops through gamma ray induced mutagenesis, farmers
can mitigate the negative impact of heat waves and ensure stable crop production.

Furthermore, gamma ray induced mutagenesis can contribute to the development
of crops with enhanced resistance to pests and diseases. In the context of climate
change, the prevalence and intensity of pests and diseases are expected to increase,
posing significant challenges to agricultural productivity. By inducing mutations in
targeted genes, gamma ray induced mutagenesis can generate genetic variations that
confer resistance to specific pests and diseases, reducing the reliance on chemical
pesticides and promoting sustainable pest management strategies. While specific
examples of gamma ray induced mutagenesis for pest and disease resistance may not
be cited here, the technique’s potential in this area is well-established in the literature.

The successful application of gamma ray induced mutagenesis in enhanc-
ing drought tolerance, heat tolerance, and potentially pest and disease resistance
highlights its potential to contribute to climate-smart agriculture. By utilizing this
technique, breeders gain access to a vast pool of genetic diversity and can select and
develop crop varieties that are better suited to the changing climate conditions. These
genetically improved crops have the potential to enhance agricultural productivity,
ensure food security, and promote sustainable farming practices.

It is important to note that gamma ray induced mutagenesis is not a standalone
solution but rather a part of a comprehensive approach to climate-smart agriculture.
It can be integrated with other strategies, such as precision breeding techniques and
sustainable agricultural practices, to optimize the development and deployment of
climate-resilient crop varieties.

Gamma ray induced mutagenesis thus has the potential to revolutionize climate-
smart agriculture by enabling the creation of new genetic variants with traits such as
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drought tolerance, heat tolerance, and resistance to pests and diseases. The examples of
wheat and tomato varieties developed through gamma ray induced mutagenesis illus-
trate the technique’s effectiveness in breeding crops with improved traits. By harnessing
the power of gamma rays, breeders can enhance the resilience and productivity of crops,
contributing to global food security efforts in the face of climate change. Continued
research and application of gamma ray induced mutagenesis, combined with other
innovative strategies, hold promise for a sustainable and resilient agricultural future.

3. Advancements in gamma ray induced mutagenesis for crop
improvement

3.1 High-throughput screening techniques for identifying desirable traits

The field of gamma ray induced mutagenesis has benefited from recent advance-
ments in high-throughput screening techniques, which have revolutionized the
identification and selection of desirable traits resulting from this method. These tech-
niques enable the efficient screening of large populations of plants to identify specific
traits such as disease resistance, yield potential, and quality attributes [2]. Among
these techniques, phenotyping has emerged as a powerful tool in gamma ray induced
mutagenesis research, utilizing imaging technologies to collect precise data on plant
growth and development [11]. Additionally, other high-throughput screening tech-
niques, including genomic selection, transcriptomics, and metabolomics, contribute
to the comprehensive characterization of plant traits and facilitate the identification
of valuable genetic variants [2].

Phenotyping, as a high-throughput screening technique, plays a crucial role
in gamma ray induced mutagenesis research. It involves the non-destructive and
automated collection of data on various plant characteristics, allowing for the rapid
evaluation of large plant populations. Advanced imaging technologies, such as hyper-
spectral imaging and 3D imaging, capture detailed information on plant morphol-
ogy, leaf structure, and canopy architecture [11]. By analyzing these imaging data,
researchers can identify plants with desired traits, such as increased disease resistance
or improved productivity, and select them for further breeding or genetic analysis.
The implementation of phenotyping techniques in gamma ray induced mutagenesis
accelerates the screening process, increases the efficiency of trait selection, and
enhances the precision of crop improvement efforts.

In addition to phenotyping, other high-throughput screening techniques con-
tribute to the comprehensive characterization of plant traits resulting from gamma
ray induced mutagenesis. Genomic selection, for instance, involves the analysis of
molecular markers across the entire genome to predict the performance of plants
based on their genetic makeup [2]. By examining the genetic variations induced by
gamma ray irradiation, researchers can identify specific markers associated with
desirable traits and use them for targeted breeding programs. This approach enables
the selection of plants with superior genetic potential, enhancing the efficiency of
gamma ray induced mutagenesis in crop improvement.

Furthermore, transcriptomics and metabolomics provide valuable insights into
the genetic and biochemical changes that occur in plants as a result of gamma ray
induced mutagenesis. Transcriptomics involves the analysis of gene expression pat-
terns, allowing researchers to identify genes that are upregulated or downregulated in
response to mutagenesis [2]. By understanding the molecular mechanisms underlying
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desirable traits, breeders can develop a deeper understanding of the genetic basis of
these traits and devise targeted strategies for trait improvement. Metabolomics, on
the other hand, focuses on the analysis of metabolic profiles, providing information
on the biochemical composition of plants [2]. This approach helps identify changes in
metabolite levels that are associated with desirable traits, such as increased nutritional
content or enhanced stress tolerance. The integration of transcriptomics and metabo-
lomics data with gamma ray induced mutagenesis research allows for a comprehensive
understanding of the complex interactions between genes, proteins, and metabolites,
leading to more informed breeding decisions.

These high-throughput screening techniques have transformed the field of gamma
ray induced mutagenesis, enabling researchers to efficiently and effectively identify
desirable traits and select plants with the highest potential for crop improvement.

By combining phenotyping, genomic selection, transcriptomics, and metabolomics,
breeders can gain a holistic understanding of the genetic variations induced by
gamma ray irradiation and their impact on plant traits. This knowledge enhances the
precision and efficiency of crop improvement programs, leading to the development
of new and improved crop varieties that address the challenges of modern agricul-
ture, such as increasing productivity, enhancing nutritional quality, and improving
stress tolerance.

In conclusion, recent advancements in high-throughput screening techniques
have revolutionized the field of gamma ray induced mutagenesis. Phenotyping,
genomic selection, transcriptomics, and metabolomics provide valuable tools for the
identification and selection of desirable traits resulting from gamma ray irradiation.
These techniques enable the rapid screening of large plant populations, the analysis
of genetic and molecular changes, and the comprehensive characterization of plant
traits. By integrating these high-throughput screening techniques into gamma ray
induced mutagenesis research, breeders can enhance the precision and efficiency of
crop improvement efforts, leading to the development of new and improved crop
varieties that address the challenges of modern agriculture.

3.2 Use of molecular markers for tracking mutations

In the field of gamma ray induced mutagenesis, the utilization of molecular mark-
ers has gained significant importance in tracking mutations and identifying desirable
traits. Molecular markers, including single nucleotide polymorphisms (SNPs) and
microsatellites, play a crucial role in identifying genetic variations within plant popula-
tions [2]. By leveraging these markers, researchers can track mutations induced by
gamma ray irradiation and identify specific genetic variations associated with desirable
traits. This information is invaluable for selecting plants with these traits for further
breeding programs, facilitating the development of improved crop varieties [4].

Single nucleotide polymorphisms (SNPs) are one of the most commonly used
molecular markers in gamma ray induced mutagenesis research. SNPs are variations
in a single nucleotide within the DNA sequence, and their presence can be detected
through genotyping techniques. By analyzing the SNPs present in a plant population,
researchers can identify specific genetic variations associated with desirable traits
resulting from gamma ray induced mutagenesis. This information allows for the selec-
tion of plants that carry these beneficial genetic variations, enabling breeders to focus
their efforts on individuals with the highest potential for crop improvement.

Microsatellites, also known as simple sequence repeats (SSRs), are another type
of molecular marker widely used in gamma ray induced mutagenesis research.
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Microsatellites are short, repetitive DNA sequences that exhibit variations in the number
of repeats between individuals. These variations can be detected through polymerase
chain reaction (PCR) amplification and subsequent fragment analysis. By examining the
microsatellite variations within a plant population, researchers can identify the presence
of genetic mutations induced by gamma ray irradiation. Moreover, microsatellite mark-
ers facilitate the identification of specific genetic variations associated with desirable
traits, aiding in the selection of plants with these traits for further breeding programs.

The use of molecular markers in gamma ray induced mutagenesis research has sev-
eral advantages. Firstly, they provide a means to track and identify genetic variations
resulting from mutagenesis. This allows researchers to identify the specific mutations
responsible for desirable traits, facilitating the selection of plants with those traits for
subsequent breeding efforts. Molecular markers also enable the assessment of genetic
diversity within plant populations, providing valuable information for crop improve-
ment programs. By analyzing the genetic diversity, breeders can identify plants with
unique combinations of genetic variations, increasing the chances of discovering
novel and valuable traits.

Furthermore, molecular markers offer a more efficient and targeted approach to
crop improvement in comparison to traditional breeding methods. Their use allows
for the selection of plants with the desired traits at an early stage, reducing the time
and resources required for breeding programs. By focusing on individuals with
specific genetic variations, breeders can streamline their efforts and accelerate the
development of improved crop varieties.

It is worth noting that the use of molecular markers in gamma ray induced
mutagenesis is not without challenges. The identification and validation of marker-
trait associations require extensive genetic and phenotypic data, as well as rigorous
statistical analyses. Additionally, the availability of marker information for specific
traits can be limited, particularly for less-studied crops. However, with advancements
in genomics and bioinformatics, the development of high-density marker platforms
and databases has facilitated the identification and utilization of molecular markers
for crop improvement.

The use of molecular markers, such as SNPs and microsatellites, has become
increasingly important in gamma ray induced mutagenesis research. These markers
enable the tracking of mutations and the identification of genetic variations associ-
ated with desirable traits resulting from gamma ray irradiation. By leveraging molec-
ular markers, researchers can select plants with specific genetic variations for further
breeding programs, expediting the development of improved crop varieties. Despite
challenges associated with marker identification and validation, the use of molecular
markers offers a targeted and efficient approach to crop improvement, enhancing the
precision and effectiveness of gamma ray induced mutagenesis in agriculture.

3.3 New tools and technologies for analyzing and characterizing mutations

In the realm of gamma ray induced mutagenesis, the emergence of new tools and
technologies has revolutionized the analysis and characterization of mutations. Two
such advancements, namely next-generation sequencing (NGS) and CRISPR/Cas9
gene editing, have significantly contributed to understanding the effects of gamma
ray induced mutagenesis and creating new genetic variants with desirable traits.

Next-generation sequencing (NGS) has transformed the field of genomics by
enabling the rapid and cost-effective sequencing of large amounts of DNA. This
technology has proven invaluable in the analysis of mutations resulting from gamma
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ray induced mutagenesis. By sequencing the genomes of mutated plants, researchers
can identify and characterize the mutations at a comprehensive scale. NGS allows

for the detection of different types of mutations, such as single nucleotide polymor-
phisms (SNPs), insertions, deletions, and structural rearrangements, providing a
comprehensive view of the genetic changes induced by gamma ray irradiation [2].
Furthermore, NGS facilitates the identification of mutations in both coding and non-
coding regions of the genome, thereby enabling researchers to explore their potential
effects on gene expression and function. This information is crucial for understand-
ing the underlying mechanisms of desirable traits resulting from gamma ray induced
mutagenesis and for guiding subsequent breeding efforts.

CRISPR/Cas9 gene editing is another groundbreaking technology that has revo-
lutionized genetic research and crop improvement. It allows for precise and targeted
modifications of specific genes in plants, enabling the creation of new genetic
variants with desired traits. The CRISPR/Cas9 system consists of a guide RNA that
directs the Cas9 enzyme to a specific DNA sequence, where it introduces targeted
modifications, such as insertions, deletions, or substitutions. In the context of gamma
ray induced mutagenesis, CRISPR/Cas9 can be used to introduce specific mutations
into genes of interest, mimicking the mutations induced by gamma ray irradiation
[4]. This targeted approach offers several advantages over traditional mutagenesis
methods, as it allows for precise modifications without introducing a large number of
random mutations. By using CRISPR/Cas9 gene editing, researchers can create new
genetic variants with desirable traits and investigate the functional consequences of
specific mutations induced by gamma ray irradiation.

The combination of NGS and CRISPR/Cas9 gene editing has the potential to revolu-
tionize gamma ray induced mutagenesis research and crop improvement. NGS provides
a powerful tool for genome-wide analysis of mutations, allowing for the identification
of specific genetic variations associated with desirable traits. By integrating NGS
data with phenotypic information, researchers can gain insights into the functional
consequences of mutations and their impact on plant traits. This knowledge is essential
for identifying key genes and regulatory elements involved in desirable traits and for
developing targeted strategies to enhance the expression of these traits in crops.

Additionally, CRISPR/Cas9 gene editing complements NGS by enabling the
precise manipulation of specific genes in plants. By introducing or modifying muta-
tions in target genes, researchers can validate the functional significance of specific
mutations identified through NGS analysis. CRISPR/Cas9 gene editing also offers the
possibility of directly creating new genetic variants with desirable traits [12] with-
out relying solely on random mutagenesis induced by gamma ray irradiation. This
targeted approach accelerates the breeding process by allowing for the creation of
specific genetic variations that are known to contribute to desirable traits.

In conclusion, the advent of new tools and technologies such as NGS and CRISPR/
Cas9 gene editing has transformed gamma ray induced mutagenesis research and crop
improvement. NGS enables comprehensive analysis of mutations induced by gamma
ray irradiation, providing insights into their effects on gene expression and function.
CRISPR/Cas9 gene editing allows for targeted modifications of specific genes, facili-
tating the creation of new genetic variants with desirable traits. By integrating NGS
analysis with CRISPR/Cas9 gene editing, researchers can gain a deeper understanding
of the functional consequences of specific mutations and develop precise strategies
for crop improvement. These advancements hold great promise for enhancing the
efficiency and precision of gamma ray induced mutagenesis and driving the develop-
ment of improved crop varieties to meet the challenges of modern agriculture.
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3.4 Integration with climate-smart agriculture practices

The integration of gamma ray induced mutagenesis with climate-smart agricul-
ture practices presents a promising approach for developing new genetic variants
with desirable traits that can withstand the challenges imposed by changing climatic
conditions. By combining high-throughput screening techniques, molecular markers,
and gene editing technologies, researchers can identify and modify specific genes
associated with traits such as drought tolerance, heat tolerance, and resistance to pests
and diseases [2]. This integration holds great potential for addressing global food
security challenges and enhancing agricultural sustainability.

Climate-smart agriculture aims to increase agricultural productivity, enhance
resilience to climate change, and reduce greenhouse gas emissions. It encompasses
arange of practices and technologies that promote sustainable and efficient use of
resources while adapting to and mitigating the effects of climate change. Gamma
ray induced mutagenesis can be leveraged within the framework of climate-smart
agriculture to develop crop varieties that are better adapted to the specific challenges
imposed by a changing climate.

High-throughput screening techniques play a crucial role in the integration of
gamma ray induced mutagenesis with climate-smart agriculture. These techniques
allow for the rapid screening of large populations of mutated plants, enabling the
identification of individuals with desirable traits. By subjecting these populations to
various stress conditions, such as drought, heat, or pest infestation, researchers can
identify plants that exhibit enhanced tolerance or resistance. This screening process
helps to identify genetic variations induced by gamma ray irradiation that are associ-
ated with the desired traits, providing valuable information for subsequent breeding
and selection programs.

Molecular markers, such as single nucleotide polymorphisms (SNPs) and mic-
rosatellites, are essential tools in the integration of gamma ray induced mutagenesis
with climate-smart agriculture. These markers enable the identification and tracking
of specific genetic variations associated with desirable traits. By analyzing the genetic
diversity within plant populations using molecular markers, researchers can identify
marker-trait associations and select plants with the desired traits for further breed-
ing programs. This targeted approach increases the efficiency and precision of crop
improvement efforts, allowing for the development of new genetic variants that are
better adapted to specific climatic challenges.

Furthermore, gene editing technologies, particularly CRISPR/Cas9, offer immense
potential in the integration of gamma ray induced mutagenesis with climate-smart
agriculture. With gene editing, specific genes can be modified or precisely targeted
to introduce desirable traits or enhance existing ones. For instance, researchers can
identify key genes associated with drought tolerance and use CRISPR/Cas9 gene edit-
ing to introduce specific mutations that enhance the plant’s ability to withstand water
scarcity. Similarly, genes involved in heat tolerance or resistance to pests and diseases
can be targeted and modified to improve crop resilience under challenging climatic
conditions. Gene editing technologies offer a powerful tool for precisely engineer-
ing desired traits, providing an additional avenue for crop improvement within the
context of climate-smart agriculture.

By integrating gamma ray induced mutagenesis with climate-smart agriculture
practices, it becomes possible to develop new crop varieties that are better adapted
to changing climatic conditions. These improved varieties can contribute to
addressing global food security challenges by increasing agricultural productivity
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and resilience. Moreover, they can reduce the reliance on external inputs, such as
water, pesticides, and fertilizers, thereby promoting sustainable and resource-
efficient agricultural systems.

In conclusion, the integration of gamma ray induced mutagenesis with climate-
smart agriculture practices offers a promising approach for crop improvement in the
face of changing climatic conditions. The combination of high-throughput screening
techniques, molecular markers, and gene editing technologies allows for the identifica-
tion and modification of specific genes associated with desirable traits. By developing
crop varieties that exhibit enhanced tolerance to drought, heat, and pests, it is possible
to enhance agricultural productivity, resilience, and sustainability. This integrated
approach holds significant potential for addressing global food security challenges and
ensuring the long-term viability of agricultural systems in a changing climate.

4. Challenges associated with gamma ray induced mutagenesis for crop
improvement

4.1 Balancing trait improvements with potential negative effects on crop yield or
quality

Although gamma ray induced mutagenesis holds great promise for crop improve-
ment, it is crucial to address the challenge of balancing trait improvements with
potential negative effects on crop yield or quality. While this mutagenesis technique
can generate novel genetic variants with desirable traits, it can also introduce unin-
tended negative effects, such as reduced yield or compromised quality [4]. Therefore,
a thorough evaluation of the effects of mutations on crop performance is essential,
and only mutations that positively impact crop yield and quality should be selected
for further development.

When conducting gamma ray induced mutagenesis experiments, it is important
to consider that not all mutations will result in beneficial traits. In fact, the major-
ity of mutations induced by gamma ray irradiation are likely to be neutral or have
deleterious effects. These mutations can disrupt essential genes, regulatory regions,
or metabolic pathways, leading to negative impacts on crop growth, development,
and productivity. Therefore, it is crucial to carefully evaluate the phenotypic conse-
quences of mutations and select only those that confer a clear advantage in terms of
yield and quality.

To evaluate the effects of mutations on crop performance, rigorous phenotypic
screening should be conducted. This involves assessing various agronomic traits,
such as plant height, flowering time, seed set, fruit size, and nutritional composition,
among others. By comparing mutated plants with the original cultivar or control
plants, researchers can identify mutations that positively impact these traits. It is
important to conduct multiple replicated trials to account for environmental varia-
tions and ensure the consistency of the observed phenotypic effects.

In addition to phenotypic screening, molecular techniques can provide valuable
insights into the underlying genetic changes induced by gamma ray mutagenesis.
High-throughput sequencing technologies, such as next-generation sequencing
(NGS), can be employed to identify and characterize the specific mutations present
in the genomes of mutated plants. This genomic information can help researchers
understand the functional consequences of mutations and their potential impacts on
crop yield and quality. By integrating phenotypic and genomic data, researchers can

27



Gamma Rays — Current Insights

identify associations between specific mutations and desirable traits, facilitating the
selection of promising genetic variants for further breeding programs.

Furthermore, it is crucial to consider the potential negative effects of mutations
on crop quality. Gamma ray induced mutagenesis may inadvertently impact the
nutritional composition, flavor, texture, or other quality attributes of crops. For
instance, a mutation that enhances drought tolerance may result in a decrease in crop
quality, such as reduced sugar content or altered taste. Therefore, comprehensive
quality assessments should be conducted to ensure that the selected mutations do
not compromise crop quality traits that are important for consumer acceptance and
marketability.

To mitigate the risk of negative effects on crop yield or quality, it is essential to
utilize a combination of strategies. One approach is to prioritize mutations that have
been previously identified and validated in related crops or species. This knowledge
can help guide the selection of mutations that are more likely to result in desirable
traits without detrimental effects on yield or quality. Additionally, incorporating
gene editing technologies, such as CRISPR/Cas9, can provide a targeted and precise
approach to introduce specific mutations associated with desirable traits, minimizing
the potential for unintended negative effects.

In conclusion, while gamma ray induced mutagenesis offers opportunities for
creating novel genetic variants with desirable traits, it is crucial to carefully evaluate
the effects of mutations on crop performance, yield, and quality. Rigorous pheno-
typic screening, combined with genomic analyses, can help identify mutations that
positively impact crop traits. Additionally, assessing potential negative effects on crop
quality is essential to ensure consumer acceptance and marketability. By employ-
ing a comprehensive evaluation strategy and integrating gene editing technologies,
researchers can strike a balance between trait improvements and potential negative
effects, ultimately selecting mutations that contribute positively to crop yield and
quality in the context of gamma ray induced mutagenesis.

4.2 Ethical considerations of using mutagenic agents in agriculture

One of the challenges associated with gamma ray induced mutagenesis in agricul-
ture pertains to the ethical considerations surrounding the use of mutagenic agents.
There are concerns among some individuals regarding the safety and potential long-
term effects of employing mutagenic agents on crops, as well as the possible impacts
on human health and the environment [3]. Therefore, it is crucial to conduct a
thorough evaluation of the safety aspects associated with the use of mutagenic agents
in agriculture and implement appropriate safety measures to safeguard human health
and the environment.

To address the ethical concerns surrounding gamma ray induced mutagenesis, it
is essential to prioritize the safety evaluation of mutagenic agents. Rigorous testing
protocols should be established to assess the potential risks associated with the use
of gamma rays as mutagenic agents. These protocols should include comprehensive
studies on the effects of gamma ray irradiation on the genetic stability of crops, as
well as investigations into potential impacts on non-target organisms and the overall
ecosystem.

Human health considerations are of utmost importance in evaluating the safety
of mutagenic agents. It is essential to determine whether the consumption of crops
derived from gamma ray induced mutagenesis poses any risks to human health.
Toxicological studies should be carried out to examine the potential accumulation
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of harmful substances and the effects on nutritional composition or allergenicity of
mutated crops. Additionally, studies should investigate the potential presence of unin-
tended toxins or anti-nutritional compounds resulting from the mutagenesis process.

Environmental safety is another crucial aspect that needs to be addressed. The
possible effects of gamma ray induced mutagenesis on non-target organisms, includ-
ing beneficial insects, pollinators, and soil microorganisms, should be thoroughly
investigated. Assessments should be conducted to determine the potential ecologi-
cal impacts of released mutant crops on biodiversity and ecosystem functioning.
Furthermore, studies should examine the potential for gene flow from mutated crops
to wild relatives, considering the potential consequences for biodiversity and the
development of herbicide-resistant weeds.

To mitigate potential risks and ensure the responsible use of mutagenic agents,
appropriate safety measures should be implemented. Regulatory frameworks and
guidelines should be established to govern the use of gamma ray induced mutagenesis
in agriculture. These frameworks should include stringent safety assessments and
risk management protocols to minimize any potential adverse effects. Additionally,
comprehensive labeling and traceability systems should be put in place to ensure
transparency and enable consumer choice.

Engagement with stakeholders, including scientists, policymakers, farmers, and
consumers, is crucial in addressing the ethical considerations associated with gamma
ray induced mutagenesis. Public awareness campaigns and educational initiatives can
help foster an understanding of the benefits, risks, and safety measures associated
with mutagenic agents in agriculture. Open dialogue and transparency regarding the
research, development, and implementation of mutagenesis techniques can help build
trust and ensure that ethical concerns are adequately addressed.

In conclusion, the ethical considerations surrounding the use of mutagenic agents,
such as gamma rays, in agriculture require careful evaluation and appropriate safety
measures. Addressing concerns related to human health and environmental impacts
is paramount. Rigorous safety evaluations, including toxicological studies, assess-
ments of genetic stability, and investigations into potential ecological effects, should
be conducted. Regulatory frameworks, labeling systems, and traceability measures
should be established to ensure responsible use and transparency. Engaging stake-
holders through education and dialogue is essential for building trust and addressing
ethical concerns. By prioritizing safety and implementing appropriate measures, the
ethical challenges associated with gamma ray induced mutagenesis can be effectively
managed in the context of agricultural practices.

4.3 Safety measures for protecting the environment and human health

In order to alleviate concerns surrounding the safety of mutagenic agents in agri-
culture, it is imperative to implement comprehensive safety measures that prioritize
the protection of the environment and human health. These measures encompass a
range of practices, including the utilization of appropriate protective equipment and
adherence to specific procedures for safe handling of mutagenic agents. Additionally,
the establishment of regulations and guidelines governing the use of mutagenic
agents in agriculture can further ensure safety [3]. Furthermore, it is crucial to con-
duct diligent monitoring of the effects of mutagenic agents on the environment and
promptly implement measures to mitigate any potential negative impacts.

The implementation of safety measures in the use of mutagenic agents is essen-
tial to safeguard both the environment and human health. Protective equipment,
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such as gloves, masks, and lab coats, should be used when handling mutagenic
agents to prevent direct exposure and minimize the risk of contamination.
Furthermore, designated areas and facilities should be established for the storage,
handling, and disposal of mutagenic agents to prevent accidental release into the
environment. Adequate training and education should be provided to individuals
working with mutagenic agents to ensure proper handling techniques and aware-
ness of potential risks.

Regulations and guidelines play a crucial role in promoting the safe use of muta-
genic agents in agriculture. Government bodies and regulatory agencies should
establish comprehensive frameworks that outline the requirements and safety
standards for the use of mutagenic agents. These frameworks should cover aspects
such as permissible dosage levels, recommended application methods, and appropri-
ate containment measures. Regular inspections and audits can help ensure compliance
with these regulations, and penalties should be enforced for non-compliance to deter
unsafe practices.

Monitoring the effects of mutagenic agents on the environment is essential for
identifying and addressing any potential negative impacts. Environmental monitor-
ing programs can be implemented to assess the presence and persistence of mutagenic
agents in soil, water, and air. These programs can also help identify any changes in the
composition and diversity of non-target organisms in the surrounding ecosystem. By
regularly monitoring and analyzing the data, any adverse effects can be detected early
on, allowing for timely intervention and the implementation of appropriate mitiga-
tion measures.

Mitigation measures should be established to minimize any negative impacts
associated with the use of mutagenic agents. These measures may include the
development of containment strategies to prevent the spread of mutated genetic
material beyond the intended target crop. For example, physical barriers, isolation
distances, or time-based planting schedules can be employed to reduce the potential
for gene flow and the establishment of unintended populations in the environment.
Additionally, strategies for the safe disposal of mutagenic agents and their by-prod-
ucts should be implemented to prevent contamination and minimize any potential
long-term effects.

Collaboration and information sharing among researchers, regulatory bodies,
and stakeholders are crucial for the effective implementation of safety measures.
Open communication channels facilitate the exchange of knowledge, best prac-
tices, and lessons learned regarding the safe use of mutagenic agents. Collaborative
efforts can lead to the development of standardized protocols, risk assessment
methodologies, and safety guidelines that encompass the concerns of all stakehold-
ers involved.

In conclusion, addressing concerns about the safety of mutagenic agents in
agriculture requires the implementation of robust safety measures. These measures
encompass the use of appropriate protective equipment, adherence to handling
procedures, and the establishment of regulations and guidelines. Monitoring the
effects of mutagenic agents on the environment is essential, as is the implementation
of mitigation measures to minimize negative impacts. Collaboration and informa-
tion sharing among stakeholders are key to ensuring the safe and responsible use of
mutagenic agents in agriculture. By implementing comprehensive safety measures
and fostering a culture of responsible practice, the concerns regarding the safety of
mutagenic agents can be effectively addressed, safeguarding both the environment
and human health.
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4.4 Considerations for climate-smart agriculture

In the context of climate-smart agriculture, the utilization of gamma ray induced
mutagenesis requires a careful assessment of the potential impacts that new genetic
variants may have on both the environment and crop performance. While the devel-
opment of new genetic variants aimed at enhancing drought tolerance holds promise,
itis crucial to consider the unintended negative effects that these variants may have
on crop yield and quality under normal conditions [2]. Therefore, it is necessary to
conduct thorough evaluations of the effects of new genetic variants on crop perfor-
mance across a range of environmental conditions and to select only those variants
that demonstrate a positive impact on crop yield and quality.

When developing new genetic variants for climate-smart agriculture, it is impor-
tant to consider the potential consequences they may have on crop performance
beyond their intended purpose. While the focus may be on enhancing drought
tolerance, it is essential to assess the overall impact of these variants on crop yield and
quality under normal growing conditions. The introduction of new genetic variants
can inadvertently lead to negative effects, such as reduced yield potential, altered
growth patterns, or compromised nutritional quality. Therefore, comprehensive
evaluations are necessary to ensure that the benefits of enhanced drought tolerance
are not outweighed by unintended negative consequences.

Evaluating the effects of new genetic variants on crop performance requires rigor-
ous testing under various environmental conditions. Field trials should be conducted
to assess the performance of mutant crops alongside traditional varieties across
different agro-climatic regions. Multiple parameters, such as yield potential, growth
characteristics, disease resistance, and nutritional composition, should be carefully
monitored and compared. This evaluation process helps identify genetic variants that
not only exhibit improved drought tolerance but also maintain or enhance overall
crop performance under normal conditions.

The selection of genetic variants with positive impacts on crop yield and quality is
crucial for the success of climate-smart agriculture. Through meticulous evaluation,
only those variants that consistently exhibit improved performance across multiple
trials and environmental conditions should be selected for further development and
deployment. This selection process ensures that the chosen genetic variants provide
sustainable benefits without compromising crop productivity or quality. Additionally,
the inclusion of diverse germplasm in the evaluation process helps identify a wider
range of genetic variants with desirable traits, increasing the chances of success in
breeding programs.

To enhance the selection process, the integration of advanced technologies, such as
genomic and phenomic analyses, can provide valuable insights into the performance
and characteristics of new genetic variants. These technologies allow for a more
comprehensive understanding of the genetic makeup, gene expression patterns, and
physiological responses of mutant crops. By combining traditional breeding methods
with cutting-edge technologies, breeders can make informed decisions regarding the
selection of genetic variants that offer the desired traits without sacrificing overall
crop performance.

Collaboration and knowledge exchange among researchers, breeders, and farmers
are essential for the successful implementation of climate-smart agriculture using
gamma ray induced mutagenesis. By sharing information and experiences, stake-
holders can collectively identify genetic variants that possess the desired traits and
evaluate their performance across diverse environments and cropping systems. This
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collaborative approach helps ensure that the selected genetic variants are applicable
and effective in real-world agricultural settings.

In conclusion, the development and deployment of new genetic variants using
gamma ray induced mutagenesis for climate-smart agriculture necessitate careful
consideration of their potential impacts on the environment and crop performance.

It is essential to evaluate the effects of these variants on crop yield and quality under
various environmental conditions and select only those that demonstrate positive
impacts. Rigorous testing, including field trials and the incorporation of advanced
technologies, aids in the identification of genetic variants that offer enhanced drought
tolerance without compromising overall crop performance. Collaborative efforts
among stakeholders further enhance the selection process and facilitate the successful
implementation of climate-smart agriculture. By ensuring that new genetic variants
have a positive impact on crop productivity and quality, gamma ray induced mutagen-
esis can contribute to sustainable and resilient agricultural systems.

5. Future directions of gamma ray induced mutagenesis for crop
improvement

5.1 Potential for further advancements in the use of gamma rays to induce
mutations in crops

The use of gamma rays to induce mutations in crops for crop improvement holds
significant potential for further advancements. Ongoing developments in radiation
technology present opportunities to enhance the precision and effectiveness of this
technique. These advancements may enable scientists to target specific regions of the
DNA more precisely, thereby facilitating the creation of more targeted mutations and
the development of new genetic variants with even more desirable traits [2].

Advancements in radiation technology can revolutionize the process of gamma
ray induced mutagenesis. Traditional approaches involve exposing seeds or plant
tissues to gamma radiation, which leads to random mutations throughout the genome.
However, with the emergence of more precise radiation technologies, such as ion
beams or CRISPR-based techniques, it becomes possible to direct the mutagenic
effects to specific regions of the DNA. This targeted approach allows for greater
control over the genetic modifications, facilitating the creation of desired traits
while minimizing unintended changes in other genomic regions. By harnessing these
advancements, scientists can optimize the efficiency and effectiveness of gamma ray
induced mutagenesis for crop improvement.

In addition to advancements in radiation technology, progress in high-throughput
screening and molecular marker technologies contributes to the further development
of gamma ray induced mutagenesis. High-throughput screening techniques enable
the rapid and simultaneous screening of a large number of mutant plants for specific
traits of interest. This accelerates the identification of desirable traits resulting from
gamma ray induced mutagenesis, allowing breeders to more efficiently select and
advance promising genetic variants. By integrating high-throughput screening with
molecular marker technologies, such as next-generation sequencing or DNA microar-
rays, researchers gain valuable insights into the genetic changes induced by gamma
rays. These technologies enable the identification and characterization of specific
mutations associated with desirable traits, providing a more comprehensive under-
standing of the genetic basis underlying trait improvement [4].
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The integration of high-throughput screening and molecular marker technologies
with gamma ray induced mutagenesis offers several advantages. Firstly, it expedites
the identification of desired traits, allowing breeders to save time and resources by
focusing on plants with the most promising characteristics. Secondly, it facilitates
the selection of genetic variants with multiple desirable traits, as the simultane-
ous screening of a large population enables the identification of plants exhibiting a
combination of beneficial traits. Thirdly, it provides valuable insights into the genetic
mechanisms underlying trait improvement, enabling a more targeted and informed
approach to crop breeding. By capitalizing on these advancements, scientists can
enhance the efficiency and precision of gamma ray induced mutagenesis, leading to
the development of improved crop varieties.

Despite these advancements, it is important to note that gamma ray induced
mutagenesis should be employed within a comprehensive breeding program. It is
not a standalone solution but rather a tool that complements other breeding meth-
ods, such as conventional breeding or genetic engineering. Combining gamma ray
induced mutagenesis with other approaches allows for the integration of diverse
genetic resources and the exploitation of various mechanisms for trait improvement.
This integrated approach maximizes the potential for developing crop varieties with
enhanced traits, including increased yield, improved nutritional content, enhanced
disease resistance, and superior adaptation to changing environmental conditions.

In conclusion, the use of gamma rays to induce mutations in crops for crop improve-
ment holds significant potential for further advancements. Ongoing developments
in radiation technology enable more precise targeting of specific regions of the DNA,
leading to the creation of more targeted mutations and the development of new genetic
variants with even more desirable traits. Advancements in high-throughput screening
and molecular marker technologies further enhance the identification and characteriza-
tion of desirable traits resulting from gamma ray induced mutagenesis. By integrating
these advancements, scientists can optimize the efficiency and effectiveness of gamma
ray induced mutagenesis, contributing to the development of improved crop varieties. It
is crucial to employ gamma ray induced mutagenesis within a comprehensive breeding
program to fully harness its potential and achieve sustainable and resilient agriculture.

5.2 Integration of gamma ray induced mutagenesis with other techniques for crop
improvement

The integration of gamma ray-induced mutagenesis with other techniques for
crop improvement holds tremendous potential for advancing plant breeding. By
combining gamma ray-induced mutagenesis with techniques like gene editing and
marker-assisted selection, researchers can explore new avenues for creating improved
crop varieties. This integration may lead to even more precise and targeted mutations,
resulting in the development of genetic variants with highly desirable traits [2].

One of the techniques that can be integrated with gamma ray-induced mutagen-
esis is CRISPR/Cas9 gene editing. CRISPR/Cas9 enables scientists to make specific
modifications to the DNA sequence, allowing for precise genetic alterations. When
combined with gamma ray-induced mutagenesis, this technique offers the potential
to create more targeted mutations. By using CRISPR/Cas9 to introduce specific
genetic changes in conjunction with gamma ray-induced mutagenesis, researchers
can enhance the efficiency and precision of trait improvement. This integration may
result in the development of new genetic variants with highly desirable traits, such as
increased yield, enhanced nutritional content, or improved stress tolerance [2].
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Furthermore, the integration of molecular markers with gamma ray-induced
mutagenesis can enhance the identification and selection of desirable traits resulting
from mutations. Molecular markers are specific DNA sequences that are associated
with particular traits of interest. By using molecular marker technologies, researchers
can efficiently screen a large number of plants and identify those with desired traits.
This accelerates the breeding process by enabling the selection of plants with desir-
able characteristics at an early stage. Molecular markers can also facilitate the tracking
of genetic variations induced by gamma ray-induced mutagenesis, allowing research-
ers to understand the genetic basis of the observed traits. By integrating molecular
markers with gamma ray-induced mutagenesis, breeders can more effectively select
and advance promising genetic variants, leading to the development of improved crop
varieties [4].

The integration of gamma ray-induced mutagenesis with gene editing and molecu-
lar marker technologies offers several advantages. Firstly, it provides a more precise
and targeted approach to trait improvement. By combining gamma ray-induced muta-
genesis with gene editing, researchers can introduce specific genetic modifications,
enhancing the efficiency of trait development. Secondly, the integration with molecu-
lar markers allows for efficient screening and selection of desired traits, enabling the
identification of promising genetic variants at an early stage. This reduces the time and
resources required for breeding programs. Thirdly, the integration of these techniques
enables a more comprehensive understanding of the genetic mechanisms underlying
trait improvement, leading to improved breeding strategies and outcomes.

It is important to note that the integration of gamma ray-induced mutagenesis
with gene editing and molecular marker technologies should be conducted within
appropriate regulatory frameworks and ethical considerations. The responsible use of
these techniques ensures the safety and sustainability of crop improvement efforts.

In conclusion, the integration of gamma ray-induced mutagenesis with other tech-
niques such as gene editing and molecular marker technologies opens up new pos-
sibilities for crop improvement. The integration of CRISPR/Cas9 gene editing with
gamma ray-induced mutagenesis allows for the creation of more precise and targeted
mutations, leading to the development of genetic variants with highly desirable traits.
Similarly, the integration of molecular markers with gamma ray-induced mutagenesis
enhances the identification and selection of desirable traits. These advancements
contribute to more efficient and effective breeding programs, ultimately leading to
the development of improved crop varieties. By responsibly integrating these tech-
niques, researchers can continue to advance the field of plant breeding and contribute
to sustainable and resilient agriculture [2, 4].

5.3 Assessing potential hazards in gamma ray-induced mutagenesis for
climate-smart crop improvement: methodologies, criteria, and risk assessment

This review provides an overview of the application of gamma ray-induced muta-
genesis in crop improvement within the context of climate-smart agriculture. While it
highlights the potential benefits of this technique, such as the creation of new genetic
variants with desirable traits, it is essential to have specific methodologies and criteria
for assessing potential hazards associated with mutagenesis. While implementing this
technique, a comprehensive risk assessment should be conducted, taking into account
not only the direct health and environmental impacts but also the unintended conse-
quences that may arise. These unintended consequences could include the develop-
ment of secondary pests or the loss of genetic diversity in mutated crops.
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To assess potential hazards, specific methodologies can be employed. These may
include conducting field trials to evaluate the performance of mutated crops under
different environmental conditions and monitoring their interactions with the
ecosystem. Additionally, genetic analysis can be employed to assess changes in the
genetic makeup of mutated crops and identify any potential risks associated with
the introduction of new traits. Criteria for assessing potential hazards should be
established, considering factors such as the severity and likelihood of the identified
risks. This can involve evaluating the potential impacts on human health, ecosystem
stability, and agronomic traits. Furthermore, the long-term effects of mutated crops
should be monitored to identify any unforeseen consequences that may arise over
time. Collaboration among stakeholders is crucial in ensuring the responsible and
safe use of mutagenic agents in agriculture. Scientists, breeders, regulators, and
farmers should work together to establish standardized protocols for risk assessment
and monitoring. Ethical considerations regarding the safety of both humans and the
environment should be integrated into the assessment process. Through collaboration
and careful evaluation, the safe and responsible application of mutagenic agents in
agriculture can be ensured.

5.4 Future challenges and opportunities for gamma ray induced mutagenesis in
climate-smart agriculture

Gamma ray-induced mutagenesis holds great promise for developing crop varieties
that are well-suited for climate-smart agriculture. However, it is essential to address
the challenges associated with this technique to ensure its successful application. One
of the primary concerns is the potential negative impact of mutations on crop yield or
quality. While gamma ray-induced mutagenesis can generate beneficial genetic varia-
tions, it can also introduce undesirable changes that may adversely affect important
agronomic traits [2].

To overcome these challenges, future research efforts should focus on developing
new genetic variants that are not only adapted to changing climatic conditions but
also exhibit high yield potential and good quality. This requires a comprehensive
understanding of the genetic basis of desirable traits and the identification of specific
mutations that confer these characteristics. By leveraging advancements in molecular
biology and genomics, researchers can elucidate the underlying mechanisms of
trait improvement and develop strategies to enhance the selection and breeding of
improved crop varieties resulting from gamma ray-induced mutagenesis.

Another critical aspect that needs attention is the safety of using mutagenic
agents in agriculture. Mutagenesis involves the deliberate induction of mutations in
the genome, and it is essential to establish safety measures to protect human health
and the environment. Strict regulations and guidelines should be in place to ensure
the responsible and controlled use of gamma rays or other mutagenic agents. Risk
assessment protocols should be developed and implemented to evaluate the potential
hazards associated with the use of mutagenesis techniques and to mitigate any adverse
effects. This includes monitoring and assessing the potential risks of unintended
changes in the genome and the potential presence of any harmful substances in the
mutated crops.

Furthermore, it is crucial to consider the potential long-term effects of using
gamma ray-induced mutagenesis in agriculture. Continuous monitoring and evalu-
ation of the performance and stability of the mutated crops are necessary to ensure
their sustained benefits and assess any unintended consequences that may arise over
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time. Long-term studies can provide valuable insights into the stability of the desir-
able traits, potential gene flow to wild relatives, and the overall environmental impact
of using mutagenesis techniques.

Collaboration between scientists, breeders, regulators, and other stakeholders is
vital in addressing these challenges and ensuring the safe and effective use of gamma
ray-induced mutagenesis in crop improvement. Transparent communication and
knowledge sharing are essential for disseminating information about the benefits,
risks, and regulatory frameworks associated with mutagenesis techniques. This
collaboration can facilitate the development of robust safety measures, rigorous risk
assessments, and effective monitoring systems.

In conclusion, gamma ray-induced mutagenesis presents significant oppor-
tunities for developing new crop varieties with desirable traits for climate-smart
agriculture. However, challenges need to be addressed to realize the full potential of
this technique. Future research should focus on developing genetic variants that are
well-adapted to changing climatic conditions while maintaining high yield potential
and good quality. Safety measures must be established and implemented to safeguard
human health and the environment. By addressing these challenges and fostering
collaboration among stakeholders, gamma ray-induced mutagenesis can contribute
to the development of resilient crop varieties that meet the demands of a changing
climate while ensuring the safety and sustainability of agricultural practices [2].

6. Conclusion

Gamma-ray-induced mutagenesis has long been recognized as a valuable tool for
crop improvement, enabling the creation of new genetic variants with desirable traits.
The integration of high-throughput screening, molecular marker technologies, and
gene editing has expanded the possibilities of gamma ray-induced mutagenesis in
crop improvement. These advancements allow for more efficient identification and
selection of desirable traits resulting from mutations.

However, it is important to acknowledge the challenges associated with the use
of mutagenic agents in agriculture. One concern is the potential negative impact on
crop yield or quality. While gamma ray-induced mutagenesis can introduce beneficial
genetic variations, it may also lead to undesirable changes that could adversely affect
important agronomic traits.

Additionally, ethical considerations regarding the safety of using mutagenic
agents in agriculture must be addressed. It is crucial to establish appropriate regula-
tory frameworks and safety measures to protect human health and the environment.
Careful risk assessments should be conducted to evaluate any potential hazards
associated with mutagenesis techniques, including the unintended changes in the
genome and the presence of harmful substances in mutated crops.

In summary, gamma ray-induced mutagenesis, with its integration of high-
throughput screening, molecular markers, and gene editing, offers great potential
for crop improvement. However, challenges related to potential negative effects on
crop vield or quality, as well as ethical concerns, must be considered and addressed to
ensure the responsible and safe application of mutagenic agents in agriculture.

Gamma ray induced mutagenesis is particularly important in the context of
climate-smart agriculture, as it presents opportunities for developing new crop vari-
eties that are better adapted to changing climatic conditions. By creating new genetic
variants with desirable traits such as drought tolerance, heat tolerance, and resistance
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to pests and diseases, gamma ray induced mutagenesis can help to address global food
security challenges and contribute to sustainable agriculture practices.

The future of gamma ray-induced mutagenesis in crop improvement and climate-
smart agriculture appears promising. Ongoing advancements in radiation technology,
high-throughput screening, molecular marker technologies, and gene editing hold
great potential for enhancing the effectiveness of gamma ray-induced mutagenesis in
crop improvement efforts. These advancements can contribute to the development of
new genetic variants with desirable traits.

Moreover, the integration of gamma ray-induced mutagenesis with other tech-
niques, such as gene editing and marker-assisted selection, offers even greater
possibilities for plant breeding. By combining these approaches, researchers can
leverage the precision and efficiency of gene editing technologies like CRISPR/Cas9 to
introduce specific genetic modifications alongside gamma ray-induced mutagenesis.
This integration may lead to the creation of new genetic variants with highly desirable
traits, such as improved yield, enhanced nutritional content, and enhanced stress
tolerance.

However, future research endeavors should prioritize the development of new
genetic variants that not only adapt well to changing climatic conditions but also
exhibit high yield potential and good quality. It is crucial to ensure that crop varieties
resulting from gamma ray-induced mutagenesis meet the demands of a changing
climate while also addressing food security challenges.

Moreover, the safety of using mutagenic agents in agriculture must always be
considered. Adequate safety measures and regulatory frameworks should be in place
to safeguard human health and the environment. This includes careful risk assess-
ments to evaluate potential hazards associated with mutagenesis techniques and the
implementation of appropriate safeguards to mitigate any adverse effects.

In summary, the future of gamma ray-induced mutagenesis in crop improvement
and climate-smart agriculture looks promising. Continued research and advance-
ments in radiation technology, high-throughput screening, molecular marker
technologies, and gene editing hold great potential for enhancing the effectiveness
of gamma ray-induced mutagenesis. However, it is essential to prioritize the develop-
ment of new genetic variants that are well-suited to changing climatic conditions,
high yielding, and of good quality, while ensuring the safety and sustainability of
using mutagenic agents in agriculture.
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Chapter 3

Gamma-Ray Spectrometry

in Radioactive Prospecting:
Application Tool as Detecting
Fault Trace

Imaizumi Masayuki

Abstract

In order to clarify the possibility of fault detection by gamma-ray spectrometry
(GRS), radioactivity prospecting including soil radon gas survey, etc., was carried out
on already-known faults of four areas included active faults. As a result, it was shown
that it is possible to detect fault traces with the following three indices: (1) the
continuity of anomaly points with an increasing rate Bi/Tl above the threshold defined
for each study area. (2) The continuity of peak points of non-diffusive radon. (3) The
continuity of conversion points where the average value changes in the stepped
fluctuation pattern of nuclide and nuclide ratio. The index of (1) was near all four
faults within 0-30 m of the known fault location. All fault-related anomalies of the
index (1) were formed by local maxima in Bi and local minima or decreasing trends of
TI. Therefore, it is difficult to detect faults using only total gamma ray measuring
equipment such as survey meters, which has been done so far. In order to continue to
develop analysis technology for GRS, in addition to accurate GRS measurements, it is
also necessary to develop analysis technology using Artificial Intelligence (AI) tech-
nology, etc.

Keywords: buried fault, active and non-active faults, soil radon gas survey, increasing
rate, non-diffusive radon, stepped fluctuation pattern

1. Introduction

Development of the radioactive prospecting in the early stage was closely related to
the uranium deposit development. After World War II, the nuclear development
competition (nuclear arms race) intensified. A lot of uranium (U) deposits were
discovered by the radioactive prospecting, etc. In the United States of America,
although only a little uranium vein was known until 1948, 525 U deposits were
discovered in 1953. Although there was only one U mine in Canada in 1952,

Canada came to account for about 30% of the world U production in 1959 [1]. The
former Soviet Union established the government-run U development enterprise in
the Czech Republic, Germany, and Poland. The center of uranium development
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was Erzgebirge and the circumference near the border between the Czech

Republic and Germany. U deposits in 164 places were discovered from 1946 to 1990
[2]. The radioactive prospecting played an important role in these uranium develop-
ments. The radioactive prospecting is divided into soil radon (Rn) gas survey that
measures o-ray from soil radon gas and gamma-ray spectrometry (GRS) that mea-
sures gamma-ray.

The terminology of GRS differs as follows depending on the different methods of
acquiring gamma-ray spectra: Air-borne is measured by mounting a measuring device
on an aircraft or helicopter, Car-borne is measured by mounting a device on a car,
Man-borne (portable measurement) is measured by a person on the ground with a
portable detector, etc.

Gamma-ray spectrometry could not discriminate radionuclides from the 1940s to
the 1950s, but since the mid-1960s, the demand for monitoring the effects of nuclear
tests and advances in computer technology have made field measurement of potas-
sium (K), U, and thorium (Th) possible. The International Atomic Energy Agency
(IAEA) began studies in the 1970s to standardize this method. It led to the publication
of the first standard technical guide in 1991 [3]. In 2003, the IAEA published a second
guideline that added the gamma-ray spectrometry theory to consider the use of GRS
for environmental surveys other than for geological survey purposes [4]. This com-
pletes the technical system. GRS has already become a mature measurement method
with measuring instruments and standardized analytical methodologies [5]. One of
the remaining issues is the development of utilization technology for using the U, Th,
and K concentration data measured by GRS.

Suran [2] examined which radiological exploration method contributed to the
discovery of the 164 U deposits discovered in the Czech Republic between 1946 and
1990. He found that the most effective method was soil Rn gas survey (44%), while
air-borne survey (3%) and car-borne survey (9%) were less effective. Therefore, the
results of Suran [2] show that it is difficult for air-borne and car-borne surveys to
directly identify uranium mines as uranium anomalies.

The reason why GRS, especially air-borne, has regained attention in the field of
exploration is that GRS has found not only U and Th deposits but also many metal
deposits in the altered zone defined as the high K and low Th/K ratio (e.g., [6]). This is
the first turning point in the development of technology for using GRS. This turning
point occurred due to the understanding of radionuclide behavior in hydrothermal
and alteration/weathering processes. Since this turning point, GRS has been accepted
as a geological survey technique for mapping wide-area radionuclide concentration
zones, rather than as a technique for exploring the location of anomalous
radiation spots.

Discontinuous planes of all sizes, such as faults and joints, are present in rock
masses. In particular, research about faults is of special interest to researchers in
scientific and engineering disciplines. Because a fracture zone has extensive shearing,
the strength and modulus of elasticity of a fracture zone are lower and the hydraulic
conductivity is higher than that of the surrounding area. Consequently, assessment of
the fracture zone’s properties is considered important to the selection of a site, stabil-
ity analysis, and design of construction works.

Not only for researchers related to earthquake hazards, but also for the general
public, distinguishing between “inactive” and “active” faults is one of the most
important issues because of the seismic hazard commonly associated with fault activ-
ity. In general, scientists define active faults as follows: (1) evidence of historical and/
or instrumental seismic activity and/or (2) stratigraphic/morphologic displacements
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within a time period which can span from the Holocene (10,000 years) to the entire
Quaternary. Moreover, it is important to remember that fault slip behavior is often
complicated by the mixture of two endmember styles: stick slip (seismic fast slip) and
stable sliding (continuous slow creep). These styles can occur in different sections of
the same fault and occur in the same section at different times. While the first tends to
rejuvenate and keep the fracture network open near the fault, the second allows for
fault self-shielding to occur due to the precipitation of fluid constituents flowing
through the fracture [7].

Fault trace survey is a major theme of radioactive prospecting. Ambron [8] was the
first to find the relationship between faults covered with sediments (buried faults)
and radioactivity through a-ray surveys using an ionization chamber. He suggested
that the peak positions of a-ray survey can be applied to fault trace survey. Lane and
Bennett [9] reported that radon concentrations in groundwater are indicative of
known faults. However, it was difficult to investigate a wide area of faults of interest
with the a-ray analysis technology at that time. Therefore, Ochiai [10] developed a
vehicle-mounted scintillation counter that can continuously measure y-rays as a
Radon index on the ground based on the assumption of the radiation equilibrium of
uranium series nuclides. He estimated locations on the faults for bedrock groundwater
extraction wells from sequences of y-ray anomalies.

After his research, in Japan y-ray prospecting with a survey meter was frequently
used for detecting fault traces. This is in contrast to the general use of y-ray radioac-
tivity prospecting research in the world for the purpose of mineral exploration. On the
other hand, some studies in Japan denied the effectiveness of this method for fault
survey from some cases where y-rays did not increase on the fault (e.g., [11, 12]).
Imaizumi et al. [12] suggested that the contribution of Bi from soil pore Rn gas to the
y-ray count was about 1.5% based on model calculations, and that it is difficult to
estimate the soil Rn gas concentration from y-rays.

In the field of oil geophysical prospecting, y-ray (GR) logging was introduced in
the late 1930s as the first non-electrical logging method [13]. GR logging is useful in
distinguishing between clean sand and shale formations. Then in the 1950s, spectral y-
ray (SGR) logging that could discriminate between nuclides was developed. An initial
successful application was the detection of radioactive fractures in Austin Chalk wells,
Texas, USA [14]. The Austin formation was originally interpreted as a shale zone. SGR
logging was able to distinguish between shale (moderate potassium (K) and thorium
(Th) content but low uranium (U)) and U-bearing fracture zones (low K and Th but
high U). Based on this information, recompletion of wells increased production sev-
enfold in some cases [14].

Kimura [15] introduced y-ray spectrometry for measuring three nuclides into fault
surveys and proposed using the Bi/Tl or Bi/K ratio (hereafter, the ratio of three
nuclides) as a fault index. He developed a car-borne survey system that detects faults
from the increasing rate that is the ratio of the measurement point to the moving
average around the measurement point. Imaizumi [16] verified the effectiveness of
Kimura’s increasing rate on various faults by combining Kimura’s system [15] with
other surveys such as soil radon gas surveys. The results confirmed the effectiveness
of the increase in rate [12, 16-18].

Since 2000, thanks to the development of low-cost, high-precision Si semiconduc-
tor detectors for alpha-ray detection and advances in geostatistical analysis technol-
ogy, significant increases in radon carrier gas (e.g., CO,) and radon gas were found
along active faults (e.g., [7]). In other words, the effectiveness of the alpha-ray
exploration method as a tool for fault trace survey has been established. Moreover,
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numerous radon gas data have advanced our understanding of the structural proper-
ties of faults (echelon faults, open cracks, fault clay-sealed cracks, etc.). According to
these studies, radon anomalies along fault lines can be continuous or intermittent [7].

On the other hand, regarding y-ray fault surveys, the relationship between y-rays
and faults remains ambiguous. For example, Szabd et al. [19] reported that faults can
be detected using geostatistical spatial structure analysis even with sparse gamma-ray
dose rate data (average 3 points/100 km?), while Jolie et al. [20] suggested that
gamma-rays are affected by man-made structures other than faults, so this survey
method is not necessarily effective. Yoshimura and Matsumoto [21] showed various
examples of the fact that distribution patterns of anomalies depend on the form of the
fracture zone (fault clay or open crack, etc.). Some cases even showed that the dose
rate decreased over faults. Therefore, at present, even the assumptions of the y-ray
fault surveys are suspicious.

The reason why the radiation dose increases on the fault is not only the radon gas
rising along the fault crack but also the concentration of radon parent nuclide ele-
ments U and Ra in the fault clay. Therefore, it is impossible to uniquely determine the
distribution pattern of y-ray nuclides, which is an indicator of faults, unless the
physicochemical conditions of the faults are elucidated. One way to overcome these
problems is to classify and catalog behavioral patterns of gamma-ray-emitting radio-
nuclides (*°K, 2*Bi, and 2°®T1) and alpha-rays (soil radon gas) along survey lines
crossing faults of various geological settings and activities (active and inactive faults).
We can extract fluctuating patterns of y-ray nuclides as common fault indices based
on the data. However, few studies have clarified the fluctuation behavior of y-rays on
faults caused by U leaching and adsorption/enrichment on clay.

In this paper, Section 2 summarizes the behavior of y-ray nuclides during
weathering and faulting processes, and describes the results of RGS and soil gas radon
surveys of exposed faults where the soil has been stripped away. Based on the results,
indices for fault detection, such as the Bi/Tl ratio, are proposed. Section 3 presents
surveys of four known faults using the proposed index. Section 4 presents the results
of regional fracture system surveys, geological surveys, and weathering surveys of the
Atera fault area and the southern Abukuma area by a car-borne survey. The original
data for Sections 3 and 4 are taken from Imaizumi [16] and Imaizumi et al. [12, 17, 18].
However, these data have been reviewed using Geographic Information System (GIS)
techniques. Finally, the study results are summarized and discussed in Section 5, and
future studies are recommended based on the indices established by this study.

2. Environmental y-ray radionuclides

Gamma-ray spectrometry (GRS) is already a mature technology, and its principles
and analysis methods have been compiled by the IAEA [3, 4]. Here, only the basics of
using GRS as a fault detection method are described. See the IAEA for other basics.

2.1 Natural y-ray radionuclides

Radioactivity is a phenomenon that changes into a stable nucleus when atomic
nucleus with unstable balance of proton and neutron emits elementary particles of a
particles (radiation), p particles, and y photons (ray) over time. Elements with this
feature are called radionuclides. y-rays are electromagnetic waves of surplus energy
emitted when an unstable excited nucleus changes to a new stable nucleus. When y-
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rays pass through matter, they interact with the electrons and nuclei of matter atoms
through phenomena such as photoelectron effects, Compton scattering, and electron
pair generation. Under the practical conditions of GRS, Compton scattering is the
dominant process. Gamma-ray radiation from soil is predominantly attenuated by
water, soil, and organic matter [22].

The most of natural radionuclides that were produced during the formation of the
Earth and concentrated in the crust turned into stable nuclides after 4.5 billion years.
Currently, there are 17 nuclides with a half-life of more than 700 million years.
Among the existing nuclides, the only nuclides that have high radioactivity and are
subject to y-ray spectrometry are *°K, ***U, and ***Th. In all, 0.012% of potassium (K)
is *°K, 83.3% of which is f-ray-emitting nuclide, and 10.7% is decayed to *°Ar by EC
(electron capture), and 1.46 MeV y-ray is emitted in the process. 2*°U and ***Th decay
to produce other nuclides (daughter nuclides), and the daughter nuclides undergo
further radioactive decay to form a radioactive decay chain (Figure 1). Only **Bi and
208T] are the nuclides that emit y-rays that are the target of y-ray spectrometry
(Because the counting rate of y-rays of 214ph and 228 Ac (actinium 228) is low, they are
not the target nuclides of y-ray spectrometry described below).

Since the half-life of each series of parent nuclides is significantly longer than that
of daughter nuclides, the radioactivity of each nuclide in the series is closed state in
secular equilibrium, which is the same as that of the parent nuclide in a closed system.
In secular equilibrium, the radioactivity of all nuclides in the series is equal, so the
nuclide concentration at one stage of the decay chain can be estimated from all
daughter nuclide concentrations. Since *°K exists in a fixed ratio to the non-
radioactive K isotope, K (%) can be analzfzed directly from 0K y-rays of GRS. The U
concentration of GRS is estimated from “*Biy rays of the daughter nuclide of 238 U.
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Figure 1.

Radioactive decay series of *>*U and *3*Th. Figures from Wikipedia decay chain uranium series and thovium sevies
are edited and added. *https://en.wikipedia.org/wiki/Decay_chain, **https://commons.wikimedia.org/wiki/File:
Decay_Chain_of Thorium.svg
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Therefore, the uranium concentration by GRS is an indirectly estimated concentra-
tion. Similarly, Th concentration is estimated indirectly from 2°®Tl y rays of the
daughter nuclide of **Th [4]. When one or more decay products in the decay chain
are completely or partially removed or added to the system, the decay chain becomes
non-equilibrium state. *°K has nothing to do with the non-equilibrium problem. In the
Th series, non-equilibrium state rarely occurs due to the low mobility of daughter
nuclides. However, in the U series, non-equilibrium states inevitably occur due to
selective leaching of decay products (e.g., 226Ra), diffusion of **’Rn gas from soil, and
dissolution of #*°Ra in groundwater [6].

2.2 Geochemical behavior of radionuclides
2.2.1 Behavior of K, U, and Th in the igneous process

The concentrations of K, U, and Th in igneous rocks vary systematically from
ultramafic to felsic. These elements have large ionic radii and are called incompatible
elements because they do not fit easily into the crystal lattice of minerals. Therefore,
they stay in the magma until the final stage of crystallization differentiation. In
igneous rocks, the higher the SiO, concentration, the higher the radionuclide concen-
tration in the rock [23]. In acidic rocks such as granite and rhyolite (SiO,: more than
66%), U is found in the main minerals like feldspar and mica, as well as in accessory
minerals (zircon, monazite, etc.) or as a tetravalent element in the interstitial space of
the crystals. Th also occurs not only as a tetravalent element in a separate mineral, but
also by replacing U, Zr, rare earth elements, etc., in the mineral [23].

2.2.2 Behavior of U in intrusive rock emplacement process

Intrusive rock is formed when plutonic rocks such as granite and diorite intrude
and solidify into the crust as batholiths and dykes. It is well known that rocks that
touch granite intrusive rock undergo contact metamorphism and contact metasoma-
tism because of the intrusions. Analysis of the batholith’s drill core shows that the
closer to the surface layer, the stronger the radioactivity. In other words, radioactive
materials are more concentrated near the roof pendant (Figure 2(a)).

Ground Surface

Contact Granite

metamorphic rock

Radioactivity

v

Distance

Figure 2.

Radioactivity distribution in granitic intrusive rocks (a) and radioactivity distribution near the interface of contact
metamorphism (b) (edited from figures in Hatsuda [24]). P: Roof pendant, H: High activity part, and L: Low
activity part. The density of dots vepresents the density of radioactive elements.
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Uranium remains in magma until the final stage of magma crystallization differ-
entiation. As it consolidates into crystals at the terminal stage, a relatively distinct
radioactive anomaly forms at the upper rock boundary of the granite body. Under the
same conditions during contact metamorphism, the curves of radioactivity intensity
distribution across the contact area of the intrusive rocks show similar patterns. These
patterns in Japan are divided into four types, as shown in Figure 2(b) [24]. Typelisa
pattern that appears during typical contact metamorphism. It is thought that this type
of intrusive rock boundary can be detected as an anomaly in radiological surveys. An
example of this is shown in the car-borne survey of the Atera fault area in Section 4.
The pattern of radioactive anomaly becomes weaker from type II to type IV. Hatsuda
[24] interpreted that type IV indicates the radioactivity distribution in the deep part
of the intrusion where granitization was remarkable. An example of this is shown in
car-borne surveys of the Abukuma area of Section 4.

2.2.3 Behavior of K, U, and Th in the sedimentary process

Ordinary sedimentary rocks always contain U and Th, although there are differ-
ences depending on the region and material. U is correlated with C in sedimentary
rocks and is relatively well correlated with K in Neogene mudstones. Humus and other
organic matter adsorb U. U is also adsorbed by iron hydroxide and clay minerals. U is
more abundant in rocks like black shales that are deposited in strongly reducing
sedimentary environments with a lot of organic matter and mainly clay minerals. U is
also concentrated in phosphorite. Therefore, the distribution of U concentration in
sedimentary rocks is determined by the paleogeography of sedimentary basins [25].

2.2.4 Behavior of K, U, and Th in the weathering process

When rocks underground are exposed to the temperature and pressure above the
ground, they weather and decompose, changing their composition. Rock components
dissolve and recrystallize to form clay minerals, turning the rock into a parent material
for soil. Moreover, when organisms and organic matter interact with the parent
material, soil is formed. The concentration of radionuclides in soil mainly depends on
the geology of the bedrock, the formation of clay minerals by weathering, and the
geochemical behavior of radionuclides [6]. Generally, the composition of radionuclide
concentrations in the parent material is inherited by the soil, but some are changed
through the pedogenesis process. General trends in soil concentrations of K and U, Th
series nuclides show a positive correlation as well as rock trends.

Potassium (K) is rich in felsic rocks because it is found in main minerals like
feldspar and mica. It is rare in basic and ultrabasic rocks. It is not found in carbonate
rocks at all [22]. Feldspar and mica are present in the sand fraction in the early stages
of soil formation. But they recrystallize into clay minerals and disappear because of
weathering. The K in the feldspar crystal lattice is usually washed away by rainwater
when the feldspar changes into kaolinite with almost no K. When mica changes into
illite at the first weathering stage, some K stays in the illite crystal lattice. At more
weathering, illite changes into low K-concentration clay minerals (vermiculite and
smectite). At the final weathering stage, low K-concentration clay minerals change
into kaolinite [26].

Uranium and Th have similar chemical behavior in magma. In unweathered igne-
ous rocks, both elements are tetravalent. But in the process of weathering, they show a
completely different chemical behavior. This is because of the difference in sensitivity
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to oxidation and reduction changes. In the oxidized atmosphere, U becomes
hexavalent uranyl ion (UO,**) and forms many kinds of complex ions. Since these
complex ions have relatively high solubility, hexavalent uranium easily moves with
groundwater. But uranium in a water solution is adsorbed to an adsorbent such as clay
minerals, organic matter, trivalent iron hydroxides, and zeolites. Montmorillonite has
more uranium exchange capacity than other clay minerals. When hexavalent uranium
is reduced for some reason, it becomes tetravalent and precipitates as poorly soluble
uranium dioxide (UO;), and recrystallizes as a secondary mineral. So, U is sensitive to
oxidation and reduction changes and is mobile [26]. On the other hand, Th keeps its
tetravalent state, so its solubility and mobility are low [26]. Even after K and U are
removed by weathering, Th remains as a residue and tends to keep the source rock
composition. Note that in the analysis of GRS data, this Th characteristic, specifically
the Th nuclide ratio, can be used to analyze the migration and enrichment of U.

2.2.5 K/Th and U/Th ratios as the indicator of the sedimentary environment

Based on the difference in how U and Th react to oxidation and reduction
changes, the Th/U ratio (hereafter, the “ratio” is omitted) is used as an indicator of the
paleo-redox environment during deposition, and Th/K is used as an indicator of clay
mineral types.

22.51Th/U

Adams and Weaver [27] concluded that Th/U ratios are often strongly related to
the sedimentary environment based on laboratory analysis of many samples. So far,
studies have shown a strict relationship between the Th/U and the sedimentary envi-
ronment. This relationship shows that high Th/U is typical of the continental envi-
ronment and low Th/U of marine settings. The boundary value of this ratio was
determined as follows: Th/U > 7 for continental deposits, Th/U < 7 for marine
deposits, and Th/U < 2 for high chance of reducing conditions. Th/U > 7 for high
chance of oxidation conditions [28].

2252 K/Th

Schlumberger [29] proposed a reference thorium-potassium cross-plot that distin-
guishes five typical minerals that are important for the oil industry: chlorite, glauco-
nite, illite, kaolinite, and smectite by the Th/K ratio, based on many data analysis
results (Figure 3). In this figure, plagioclase (Th/K = 0.3-0.6) has the lowest Th/K
ratio. The Th/K ratio increases in the order of mica, illite, mixed layer clay, and
montmorillonite. Kaolinite as the final weathered mineral has Th/K = 12-25.

Many researchers have used them to identify types of clay minerals. Nutu-
Dragomir et al. [30] used an improved Schlumberger Th-K cross-plot for fault survey
in shale and marl regions. Their Th-K cross-plot (Figure 3) showed that the clay
minerals in the fractured zone were montmorillonite and the clay minerals in the
outcrops of non-fractured zone were illite-smectite mixed layer minerals. Stahr et al.
[26] applied the cross-plot for the discrimination of soil types of Acrisols (cation
exchange capacity (CEC) <24 cmol. kgL ") and Alisols (CEC > 24 cmol. kgL ") that
require laboratory measurements in northern Thailand. Th/K = 16 by GRS in the field
was able to distinguish between Acrisols and Alisols.

48



Gamma-Ray Spectrometry in Radioactive Prospecting: Application Tool as Detecting Faul...
DOI: http://dx.doi.org/10.5772 /intechopen.1002936

o
-—_;"'

® Ohonukari

+ Neogene

o Ashio Granite

< Ashio Sediment rocks
103 : o « Higasidate

Th (ppm)

o Metamorphic Rocks

© Abukuma Granite

_______

Nupu-Dragomir et al. [31]
T T T
0 o 1 2 3 4 5 6

K (%)

Figure 3.

Thorium-potassium cross-plot for mineral identification. The Th-K cross-plot is modified from Schlumberger [29]
by Nutu-Dragomir et al. [30]. The data plotted are for each rock body in the Tanagura fracture zone in the
southern Abukuma vegion. See text in section 4—2 for details.

Th(ppm)/K (%) Minerals

<0.6 Feldspar

0.6-1.5 Glauconite

1.5-2.0 Mica

2.0-3.5 Illite

>3.5 Mixed-layer clays

>=10 Kaolinite and chlorite
Table 1.

The relationship between K/Th and clay minevals [28].

Using cross-plot diagrams to determine the types of clay minerals has some draw-
backs, because the interpretation results cannot be shown as a function of depth.
Showing the Th/K as a function of depth allows us to track the changes in the types of
clay minerals in the stratigraphic column. In this case, the relationship between K/Th
and clay minerals is classified by the K/Th value in Table 1.

2.2.6 Behavior of K, U, and Th around the fault fracture zones
2.2.6.1 Structure of the fault fracture zones

A fault is shown as a geometrical plane on geological maps. But an actual fault has
the following forms: The fault gouge (fault clay) and the fault breccia (both together
called the intrafault materials) that are formed by the crushing and friction of fault
movement are layered between two fault planes that run almost parallel [31].

When a large-scale shear fracture occurs, the breccia and clay mix because the rock
mass is broken in a relatively wide width. This state, made of clay (fault gouge) and
relatively coarse-grain fault breccia, is called a fault fracture zone. In the fault fracture
zone, the rock mass, which usually has many cracks, lies beyond a certain constant
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Figure 4.
Schematic figure of fault fracture zones (modified from Tanaka [31]).

width of breccia and clay. The cracks gradually decrease and turn into normal rock at
a certain distance from the center of the fracture zone.

A clay mineral in fault gouge is usually formed by chemical weathering and
alteration due to reaction with groundwater after crushing [31]. The texture of the
fault fracture zones seen in outcrops shows a banding structure, with a zone mainly
made of fault gouge (clay zone) and a zone of fault breccia (brecciated zone) running
parallel to the fault. Generally, the clay zone is located on both sides of the fracture
zone (Figure 4) [31]. Therefore, U tends to be enriched in clays at both ends of the
fracture zone.

2.2.6.2 Geochemistry of the fault

The formation of the clay minerals in the fault fracture zone is strongly influenced
by the type of host rock (original materials) and the surrounding temperature and
pressure, as well as the generation of clay minerals by general weathering. The com-
position of the clay minerals in the Atotugawa fault fracture zone in Japan showed that
feldspar and quartz, etc., which are main minerals in the host rock (granite), are
hardly found, but montmorillonite has been newly formed [32]. The amount of
montmorillonite, compared to the whole mineral composition, is high in the
argillization zone, and low in the brecciated zone.

The non-equilibrium data of uranium series show that U very slowly leaches from
the primary mineral [33]. On the other hand, the crack in the fault is often character-
ized by various filling and alteration materials. The most common materials are
hematite and goethite. It is often observed that uranium is concentrated around the
secondary Fe*> mineral. Smellie et al. [34] showed a Fe-U-Ra vertical profile in the
crack of faults in three different granite regions, where total Fe, Fe**, and U generally
increased toward the crack, although the Th concentration was almost constant.

2.2.6.3 U/K and Th/U curves as indicators for crack explovation

The principle of detecting fracture systems in carbonate formations by spectral y-
ray (SGR) logging is based on the fact that under the reducing conditions in which
carbonate rocks form, hydrothermal circulation can cause uranium salts to precipitate
within the fractures [28]. However, in complex crack systems, low concentrations of
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Figure 5.
Geological section of the valley across the M River at the F dam site.

radioactive elements can obscure the crack locations in the uranium curve of the SGR
curve. Therefore, plotting the ratio curves, such as U/K, Th/U, and Th/K, helps to
better identify the crack locations. Of these ratio curves, matching the U/K and Th/U
curves is highly recommended. These curves are inversely proportional, with changes
in uranium content plotting the curves in opposite directions [28].

2.3 Indices for fault trace detection for radioactivity prospecting

Buried faults are faults that are covered by newer sediment or soil and cannot be
seen directly. The planned inspection gallery site of a dam with a fault is a valuable
example where the buried fault can be seen because the surface sediment has been
removed. The planned site for F Dam was one of these examples.

Figure 5 shows a geological section of the valley across the M River at the F dam
site. The width of the M river is about 20 m. The slope on both sides of the valley is
about 30°. About 140 m above the slope there is a plateau. The geology of the plateau
consists of Neogene basalts in the upper part and Mesozoic granodiorite in the lower
part. The dashed line in the figure shows the terrain before the dam construction. At
the time of the survey, river bed gravel, river terrace deposits, and weathered parts of
the bedrock had been taken away to expose fresh bedrock, so F1 faults could be seen
(Figure 6).

The fracture occurrence of bedrock is explained by Japanese rock mass classifica-
tion system. Rock mass classification in Japan classifies rock mass into four ranks from
A to D. C ranks are subdivided into Cy (high), Cy (middle), and C;, (low). D ranks are
subdivided into Dy and D;.. A and B indicate hard rock with few cracks, and Cy ~ C;,
indicate medium hard rock with cracks. Crack density increases from Cy to Cp, Dy is
very soft, has no cohesion between joints, and falls apart with a slight hammer blow.
Clay is on the peeled surface. Dy, is a clayey state (e.g., [35]).

Figure 6 shows the bedrock classification map and the distribution of springs at
the planned inspection gallery construction site. The classification map shows the
locations of high-angle f1-f8 faults. Except for the f1 fault, there were small faults with
a fracture zone width of 0.3 to 0.5 m. The f1 fault was represented by Dy, rock with a
width of 0.5 to 2 m. Dy rock with a width of 2 to 5 m was located on the west side. Five
meters away from the f1 fault, Cy-Cy class hard rock with few cracks was distributed.
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Figure 6.
The bedrock classification map and the distribution of spring water at the planned inspection gallery
construction site of the F dam site.

Many springs were distributed in the riverbed. The amount of spring water from each
spring flowed at the rate of several liters per minute (liters/min). The spring distribu-
tion was mainly located in the cracks of Cy rocks on the east side of the fault and the
boundary cracks between Cy and Cy; rocks. There was almost no distribution of
springs near the f1 fault.

A 50-m-long survey line centered on the f1 fault for radioactivity prospecting was
set up. GRS and radon gas concentration were measured at 5 m intervals along the
survey line. The GRS sampling time was 300 s. Methods for GRS and radon gas survey
are described in Section 3.3.

Figure 7 (a) shows the fluctuation patterns of Bi, Tl, Bi/T], and Rn gas concentra-
tions and (b) shows the distribution of fractures (extracted from Figure 6). The white
areas in the figure show the Cy; and Cy rocks with few cracks. Across the main fault
zone from f1 to f6, where the density of fractures is the highest, Bi and Bi/Tl drop
quickly to minimum values (indicated by a green triangle). On the other hand, Tl
increased slightly. Since the pattern of Tl shows the original pattern, the Bi and Bi/TI
patterns may reflect the leaching of U from the host rock, granodiorite.

On both sides of the main fault zone, relatively large peaks in the Bi/Tl ratio were
seen. The largest peak is about 10 m from the f1 fault on the east side (shown by the
vertex position of orange triangle). In this part, Tl makes a local minimum. Since there
is a proportional relationship between Bi and Tl in the original granodiorite, the
original Bi should also have made a local minimum. But it is thought that Bi was locally
maximized due to the enrichment caused by precipitation of U (indicated by a red
triangle). Bi/T1 highlights this phenomenon more than the fluctuation of Bi (the
orange triangle is bigger than the red triangle). The Rn gas concentration showed a big
peak of about 3 kBg/m® near the boundary between the Dy; and Cy, rocks, which is
several meters away from the f1 fault (Dy, rock). Note that this radon gas peak near the
f1 fault does not affect the Bi fluctuation pattern.
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Figure 7.

Fluctuations of Bi, Tl, Bi/Tl, and Rn gas concentrations (a), the distribution of fractures (b), and the relationship
between Bi and rock class classification for the entire excavated surface in the F dam site. In the figures of
fluctuation curves below, the values have been processed in ovder to plot multiple curves in one figure. For example,
Bi/Tl*1000 is Bi/Tl multiplied by 1000. See text for ved and green triangles.

Figure 7(c) shows the relationship between Bi and rock class classification for the
whole excavated surface. As the bedrock condition gets better (D- > Cy), Bi tends to
increase. This phenomenon shows that the leaching of U progresses with the
weathering, and the lower the rock class, the lower the U content.

From this figure, the following points can be made about the detection of faults in
granitic regions by radioactivity prospecting: (1) The fault fracture zone was the U
leaching zone. (2) The locations of the local minimum of Bi and Bi/T] are indicators of
the central location of the fracture zone. (3) The local maximum locations of Bi and
Bi/T1, here the peak on the left side of the f1 fault was about 10 m away from the
center of the fracture zone, which is the entrance of the fracture zone. (4) Although
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the Rn gas peak location is several meters away from the center of the fracture zone,
Rn gas is the most sensitive fault indicator. (5) If an error of about 10 m is allowed, the
local maxima of Bi/Tl also serve as fault indicators. (6) The leaching zone of U is wider
than the enriched zone of U, so the local maximum point of Bi/Tl is better than the
local minimum point of Bi/Tl as an index for exploration.

Based on the above observations, in the exploration of known faults in the next
section, the local maximum peak of Bi/Tl (anomaly point) and peaks of radon con-
centration are chosen as indices for fault trace detection.

2.4 Definition of anomaly point for fault detection index

Traditionally, anomaly points have been defined as outliers with a threshold of
mean + 2 x standard deviation of a single population assuming a normal distribution
in a parametric test, and anomaly points outside this threshold [36]. This method is
intended to identify the extreme values of the statistical normal distribution, and
geochemical problems often do not warrant statistical assumptions (e.g., [37]). In the
analysis of radiological exploration, especially in the analysis of car-borne survey data,
a survey line is set across the distribution of multiple background populations (stra-
tum), so it is not possible to define outliers by statistical methods.

Kimura [15] proposed the following equations for increasing rate, specifically
assuming the evaluation of anomalies by the car-borne survey (Figure 8). Increasing
rate: Fg, ) is defined as the ratio of the movement average of forward and backward
to the measured value given by:
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Figure 8.

Schematic diagram explaining the calculation method of radioactive survey anomalies by Kimura [15].
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where V; indicates the measurement value at i point. V; ,, ) and V(; , ,, , 1) indicate
the measurement values at the #-front and z-post of i point.

A radioactive anomaly cannot be detected by values of either Ff or Fb alone. But
when both are used, the position of the stratum boundary line with different nuclide
compositions can be identified as the point of rapid increase of either Ff or Fb. The
position of the fault line can be clearly identified as the point of rapid increase of both
(Figure 8). The increasing rate: R is defined as the smaller of Ff and Fp. Anomalous
points are set at points above the threshold based on the coincidence of increasing rate
points and fault lines at each field. For example, on the Atera fault, anomalies above
the threshold of R = 10% tended to match with the fault location.

Figure 7(a) shows the R-value of Bi, Bi/Tl, and Rn gas concentrations and the rate
of increase (F-value) from the average value of the survey line. The F-value for the
small Bi peak is 20%, while the R-value decreased to 7.8%. This is due to the distorted
peak shape (Ff = 42 and Fb = 7.8). But for Bi/Tl, which produces a clear peak, the F-
value was 37%, but the R-value grew to 49%. Similarly, at the Rn gas concentration
that produces a distinct peak, the F-value increased by 619%, but the R-value grew to
2872%. This large rate of increase shows that Rn gas is a sensitive fault index. In this
way, when the shape of the peak is clear, using the R-value can increase the rate of
increase from the simple average value.

3. Fluctuation patterns of nuclide, nuclide ratio, and radon gas
concentrations across known faults

3.1 Method
3.1.1 Man-borne survey

The portable pulse height analyzer made by Clearpulse Co., Ltd. and scintillation
detector (sodium iodide (Nal) crystal-like cylinder of 13 cm in diameter and height with
a photomultiplier tube) were used for the man-borne survey. A detector with energy
resolution of 7% or less was used. The Nal detector was placed on the surface of the
earth for the measurements. Each measurement time was for a duration of 5 min. The
error (v/N) in the measurement value (N), in this case, was 6% or less (v/N/N)
concerning Bi, whose discharge energy is smaller than those of the other nuclides.

3.1.2 Car-borne survey

The pulse height analyzer (made by Clearpulse Co., Ltd.) with 1024 channels
designed for car-borne survey and 18 Nal detectors (the same size as the man-borne
detector with resolution 7% or less) were used for the car-borne survey. A stabilizer
mechanism that tracks the peak of gamma-rays from a 137Cs source (37 kB) installed
near the detector was constantly operating during measurements to keep the amplifi-
cation rate constant. The detectors of car-borne were placed on one side of the luggage
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compartment and one side of the detectors were shielded to reduce y-ray counts from
the road pavement under the car. These measures gave direction to the measurement
efficiency of the detector [15]. The stripping ratio method [3] was applied to correct
the Compton scattering of the y-ray spectra.

The measurement method was as follows:

1.Running car measurement [15]: The speed of movement was kept at 4 km/h.
Sampling time was taken at 30 s intervals. The maximum measurement error
(VN/N) of Bi was 5% or less. The measurement value indicates an integrated
value of radioactivity distribution for about 30 m in length. The location of the
measurement point includes an error of about 30 m back, either side, due to
various conditions of the measurement.

2.Stopping car measurement: The car was stopped at intervals of 10 m for
measurement. The measurement was done three times, every 30 s. The average
value of the three measured values was used for analyzing the fault.

3.1.3 Soil radon and CO, gas surveys

The soil radon gas survey using the Picorad detection (1) and soil CO, gas survey
using the detection tube (2) were used in conjunction with the GRS survey.

1. Picorad detection (Packard Co., Ltd.) that is a granular-activated carbon
canister method was used for soil radon gas survey. A Picorad detection
device consists of a 20-ml plastic vial with cap, including activated carbon. A hole
was made with a diameter of 20 cm and 30-70 cm in depth. The Picorad vial,
without a cap, was placed inside the bottom of the hole. The container was covered
up with soil. The Picorad was left undisturbed for 24 or more hours to adsorb
radon surrounding it. A liquid scintillator was injected into the detector after
carrying it to the laboratory. The a- and B-rays of the liquid, into which the radon
was transferred from the activated carbon, were measured by a liquid scintillation
counter. The correction of adsorption and collapse under exposure, and the
attenuation of time after collecting and measuring, was executed with the special
software offered from Packard Co., Ltd. The limit of detection is 14.8 Bq/m".

2. A detection tube made from glass of Kitagawa method (KOMYO RIKAGAKU
KOGYO K.K.) was used for the soil CO, gas survey. A handheld vacuum gas
sampler was used to vent a constant amount of sample gas to the detector tube.
The measurement range was 0.1-5.2%.

3.2 Overview of topography and geology for the known fault test sites
3.2.1 Selection of known fault test sites in Japan

Since Japan has a complex geological structure, it is possible to investigate various
geological faults. Four test sites with different geological settings shown in Figure 9
were selected. In this section, first, the relationship between the four test sites and the
geological tectonic regions of Japan is described. After that, an overview of the
topography and geology of each test site is presented.
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Figure 9.

Lo%Ztion map of four known fault test sites on the geological tectonic rvegion map of Japan. The geological tectonic
region map is edited from the original map of the National Institute of advanced industrial science and technology
(AIST) (https://www.gsj.jp/geology/geology-japan/geology-japan/index.html), and the active fault lines are
edited from the original map of the active fault society [38]. Note that not all geological tectonic regions are shown.

Basically, the subduction in the trench and the related volcanic activity form the
backbone of the Japanese island arc. Sedimentary rocks and metamorphic rocks in
Japan, especially, are characterized by the continuous zoning of rocks that were
formed over a certain period of time. These boundaries are often connected by faults,
some of which are called tectonic lines. The geological structure of present-day Japan
was formed during the new orogeny due to the development of the curved archipelago
after the Miocene. Figure 9 is a map compiled by the Geological Survey of Japan
showing geological regions in Japan that have been proposed so far. This figure shows
the differences in rocks underlying the Japan island arc, mainly based on large-scale
faults, accretionary prism formation age, and metamorphic age.

Japan’s largest island (Honshu) is roughly divided into two parts, northeastern
Japan and southwestern Japan, by a rift zone called the Fossa Magna that runs north-
south through the center (as indicated by <-a ->) (The tectonic line on its west side is
the Itoigawa-Shizuoka tectonic line (b line), and the tectonic line on its east side is not
clear. Here, it is indicated by a dotted line). The Fossa Magna has thick deposits of
submarine volcanic products and sediments from the mid-Neogene period. They are
covered by a north-south chain of volcanoes, including the Quaternary Mt. Fuji.

Cenozoic rocks are widely distributed in northeastern Japan. Many of the Pre-
Tertiary rocks are isolated massifs. Granites are distributed in the Abukuma belt (2),
and sedimentary rocks and granites are distributed in the Ashio belt (3). Both belts are
separated by the Tanagura fracture zone (the d line). On the other hand, in
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southwestern Japan, Paleozoic and Mesozoic rocks are widely distributed, while
Cenozoic rocks are narrowly distributed. Southwestern Japan is further divided by the
Median Tectonic Line (the c line) into an inner belt (on the Sea of Japan side) and an
outer belt (on the Pacific Ocean side). The following conspicuous zonal structures
parallel to the Median Tectonic Line are distributed in the outer belt of southwestern
Japan: the Sanbagawa belt (a high-pressure metamorphic belt) (6), the Chichibu belt
(a Permian-Triassic accretionary prism: hereafter written as AP) (7), and the
Shimanto belt (a Cretaceous-Neogene AP) (8). The Shimanto belt is divided into three
sub-belts by two tectonic lines that include the Honguu fault, which are not shown in
the figure. The inner belt includes the Ryoke belt (5) (a high-temperature metamor-
phic belt) and the Mino belt (mainly Jurassic AP) (4). The Mino Belt has several active
faults, including the Atera Fault. The eastern part of the Sorachi-Ezo belt (10), which
runs north-south through central Hokkaido, is a geological division different from
that of the main island of Japan. To the east of the Sorachi-Ezo Belt, the Tokoro Belt
(12) (a Cretaceous-Paleogene AP) and the Nemuro Belt (13) (Cretaceous-Cenozoic
sedimentary rocks of the Kuril Arc) are distributed. The boundary between the
Tokoro belt and the Nemuro belt is the Abashiri Tectonic Line (the e line).

3.2.2 Yamaguchi village area-Atera active faults

The study area is Yamaguchi Village, which is now west part of Nakatsugawa City,
Gifu Prefecture, which is located at the southeastern end of the Atera main active fault
(Figure 9). The Atera fault can be traced for about 67 km. Yamaguchi village is
located about 340 km west of Tokyo. The Kiso River flows east-west through the
northern edge of the study area and north-south through its west side (Figure 10).
The Atera fault splits the study area into northeastern and southwestern parts. The
Atera fault is the boundary between mountainous area (Mt. Takadoki, with an altitude
of 1038 m) and a plateau area (Mt. Bonten, 696 m) in the Mino belt. This geography is
caused by a large-scale left slip of the fault so that the NE side of the fault is uplifted
relative to the SW side.

The geology of the study area is mainly underlaid by late Cretaceous to Paleogene
Nohi rhyolite and granite. The granite caused contact metamorphism during intru-
sion. The late Miocene to Pliocene Seto Group covers them and is distributed in the
Kiso River tributaries. Quaternary sediments are only distributed on a small scale
along the Kiso River (Figure 10(b) [39]).

The Atera fault is a fracture zone that is composed of parallel faults or echelon
faults in a Northwest-Southeast (NW) direction. Faults that are diagonal to the Atera
fault are the Magome-Pass fault and its parallel faults. These faults pass from Agatuma
Pass to Magome Pass and are cut by the Atera fault [39].

3.2.3 Memanbetsu area-Lake Abashiri east coast active faults

The study area is located in Memanbetsu Town, which is now part of Ozora Town,
in eastern Hokkaido, where active faults run north-south in the eastern coast of Lake
Abashiri. The distance from Sapporo to Ozora Town is 257 km. According to the
Active Fault Society [38], the Lake Abashiri east coast active fault group comprises
three faults that run parallel to each other in a north-south direction on the east coast
of Lake Abashiri (Figure 11). The Notori active fault, located on the eastern side of the
group, was chosen as the target fault. The survey area has a hilly topography at the
northern foot of Mt. Mokoto (with an altitude of 1000 m), which is part of the outer
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Topographic map (a) and geological map (b) of the Yamaguchi village area (edited from Yamada [39]) of the
study area. Topographic map (a) is displayed with a ved velief image map overlaid on the geospatial information
Authority of Japan (GSI) tiles. The red relief image map [40] is a topographic map that emphasizes ridges (white)
and valleys (ved) created by system for automated geoscientific analyses GIS (SAGA-GIS) (https://saga-gis.sourcef
orge.io/en/index.html). The black frame indicates the man-borne survey avea. The blue curves indicate survey
route of the car-borne survey. The geological map legends are as follows; 1: Alluvium or talus deposit, 2: Terrace
deposit or old alluvial fan deposit, 3: Seto group, 4: Naegi-Agematu granite, 5: Inagawa granite, 6: Granodiorite,
7: Non-classified Nouhi rhyolites, 8: Fujimi-dai welded tuff, 9: Fault, and 10: Strongly radioactive zone by contact
metamorphism.
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Figure 11.

Topographic map (a) and geological map (b) (edited from 1:200,000 geological map from the geological survey of
Japan) of the Memanbetsu area. The dark blue lines show the locations of faults are according to vef. [38]. The
black frame indicates the man-borne survey area. The ved curve indicates the survey lines.
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rim of Lake Kussharo, Japan’s largest caldera lake. The altitude of the surrounding area
is less than 200 m. The hills are eroded by the Memanbetsu River, which flows north-
south and empties into Lake Abashiri (Figure 11(a)).

The fault group is part of the Abashiri Tectonic Line, which marks the boundary
between the Nemuro and Tokoro belts (Figure 9). The Nikoro Group, consisting
mainly of basaltic volcaniclastic sedimentary rocks and other formations, belongs to
the Cretaceous-Paleogene accretionary complex and is distributed in the Tokoro Belt.
On the other hand, the Nemuro Group, composed of Cretaceous-Paleogene sandstone,
mudstone, and conglomerate, is distributed in the Nemuro Belt.

These strata are overlain by the Abashiri Formation (Miocene) and the
Kusharo Pumice Flow Deposit (Quaternary) (Figure 11(b)), among other
formations. The Abashiri Formation consists of basaltic andesite and dacite lavas,
pyroclastic rocks, conglomerates, sandstones, mudstones, and coeval intrusive rocks.
The Kusharo pumice flow deposit consists of dacite pumice and volcanic ash. The
study area is covered by the Kusharo pumice flow deposits with an average
thickness of more than 10 m. Therefore, the background radionuclide concentrations
in GRS are entirely derived from the radionuclides in the Kusharo pumice flow
deposits.

3.2.4 Kii-Tanabe area-Honguu active fault-

The survey area is located in the southeastern part of Tanabe City, approximately
110 km southeast of Osaka City (Figure 9). The survey area belongs to the Shimanto
belt. The Honguu fault is an active fault that runs in an east-northeast direction [38].
The topography on the north side of the fault is an east-west mountain range
connecting Mt. Takao (606 m) and Mt. Maki (796 m). The topography on the south
side of the fault is a mountainous area oriented north-northeast, including Mt.
Kinugasa (235 m) (Figure 12(a)). The Right Aizu River and Left Aizu River, which
flow north-south and intersect the Honguu Fault, originate in the Hatenashi

Figure 12.

Topographic (a) and geological (b) maps of the Kii-Tanabe area. The fault of the sky-blue line and geological map
(b) are according to vef. [41]. The square frame indicates the survey avea. The black curve shows the car-borne
survey stop measurement route.
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Mountains (the highest point, 1262 m) in the north, join near Kii-Tanabe, and flow
into the Pacific Ocean.

The Shimanto belt, which runs from almost east to west, is an accretionary prism
formed from the Cretaceous to the middle Tertiary (Figure 9). It mainly consists of
alternating sandstone and mudstone layers, accompanied by greenstones and chert.
The boundary between the Chichibu Belt in the north and the Shimanto Belt in the
south is the Butuzou tectonic line. The Shimanto belt is divided into three sub-belts by
two tectonic lines. The Gobo-Hagi tectonic line separates the Hidakagawa belt (Cre-
taceous) in the north from the Otonashigawa and Muro belts (Paleogene) in the south.
Furthermore, the Otonashigawa belt and the Muro belt are separated by the Honguu
fault (Figure 12(b)). The development of the Quaternary system is extremely poor,
and only terrace sedimentary layers and alluvium are found in a very narrow area
along the river [41].

The Honguu fault divides the study area into northern and southern parts
(Figure 12(b)). The northern part belongs to the Otonashigawa belt. The southern part
belongs to the Muro belt. The fault runs east-west, dips 20-50 degrees to the north, and
is accompanied by a fault clay zone several tens of centimeters wide. The Otonashigawa
Group of Eocene is distributed in the Otonashigawa belt, and the Muro Group of
Oligocene-lower Miocene is distributed in the Muro belt. The Tanabe Group of middle
Miocene covers the Muro Group with unconformity (Figure 12(b); [41]). The
Otonashigawa Group consists of alternating sandstone and mudstone layers. The Muro
Group is composed of sandstone, mudstone, conglomerate, and alternations of sand-
stone and mudstone. The Tanabe Group consists of an alternation of sandstone and
mudstone.

3.2.5 Southern Abukuma area-Tanagura fracture zone and Abukuma belt

The study area is located in the Kuji River lowland area and the southern
Abukuma Mountains, covering Hanawa Town and Yamatsuri Town, Fukushima Pre-
fecture. Hanawa Town is about 200 km north-northeast of Tokyo (Figure 9). The
topography of the study area consists of the Kuji River Lowland and the Southern
Abukuma Mountains. The Kuji River lowland in the western part of the survey area
belongs to the Ashio (Yamizo) belt, and the eastern part belongs to the Abukuma belt
(Figure 9). Both belts are separated by the Tanagura fracture zone, which is 2-5 km
wide (Figure 13).

The Abukuma mountain range is gently undulating, and the elevation gradually
decreases from east to west, except for the highlands of the watershed with an altitude
of about 890-870 m, which is about 10 km east of the study area. Near the Tanagura
east marginal fault of the Tanagura fracture zone, the elevation suddenly drops from
550 m to 300 m (Figure 13(a)).

The Ashio belt is underlain by sedimentary rocks of the Paleozoic and granitic
rocks. These are unconformably overlain by Tertiary strata. In the southwestern part
of the study area, granitic rocks and Tertiary alternating layers of sandstone and
mudstone are distributed. The Takenuki metamorphic rocks and the Hanawa plutonic
rock mass of the Late Cretaceous are distributed in the Abukuma belt of the survey
area. Takenuki metamorphic rocks are high-grade metamorphic rocks of high-
temperature type. Hanawa rock mass consists of quartz diorite, tonalite, granodiorite,
mylonite granodiorite, and fine-grained diorite [44]. The Hanawa rock mass intruded
into metamorphic rocks and sedimentary rocks of unknown age and caused contact
metamorphism to them.
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Figure 13.

Topography (a) and geological map (b) of the Southern Abukuma area. The geological map is modified from ref. [42]
and Koshiya et al. [43]. Red lines on the topographic map (a) indicate faults from the geological map (b). The black
square frame indicates the investigation avea of the Tanagura EM fault by man-borne survey. The dark blue curves
indicate the investigation route of the car-borne survey. Abbreviations for geological map (b) are as follows: HG:
Higashidate, Yujimata, HD: Hidoro, KY: Koya-yachi, MR: Movinoshita, TN: Tonohata, OW: Oiwake, HS: Hashiba,
SN: Sankomuroyama. Geological legends for geological map (b) are as follows: 1: Quaternary system, 2: Tertiary
system, 3: Higashidate rock body (Mylonitic granodiorite), 4: Onukari rock body (Mylonitic adamellite), 5: Mylonitic
and cataclastic sedimentary vocks of the Ashio belt, 6: Cataclastic amphibolite, 7: Mylonitic and cataclastic
metamorphic vocks of the Abukuma belt, 8: Fine-grained granular granodiorite, 9: Mylonitic granodiorite, 10: Large
sphene-bearing granodiorite, 11: Porphyritic granodiorite, 12: Foliated tonalite and granodiorite, 13: Fine-grained
quartz diorite and tonalite, and 14: Metamorphic rocks of the Abukuma belt.

The Tanagura fracture zone is a fault fracture zone bounded by two
NNW-trending faults: the Tanagura West Margin Fault and the Tanagura East
Marginal Fault (hereafter, Tanagura EM Fault). The following fractured rocks
are distributed between these faults: mylonite and fault gouge, which originated
from sedimentary rocks, granites, metamorphic rocks, etc. The sedimentary rocks are
thought to have originated from the Ashio belt, while the metamorphic rocks are
thought to belong to the Takenuki metamorphic rocks of the Abukuma belt [42].
Granitoids are distributed as several small rock bodies. Higashidate and Ohonukari
rock bodies are distributed in the study area. The Higashidate rock body is greenish
granodiorite. The Ohonukari rock body is gray-white biotite adamellite [42].

Since the Tanagura EM marginal fault can be clearly identified topographically, and
the underground geology is known by electrical prospecting [42], it was selected as a
target fault for GRS. The geological structure in the vicinity of the survey area has been
clarified by many researchers including in Ref. [42] and Koshiya et al. [43]. Here, only
the results of photolineament surveys are described. Photolineament interpretation can
be seen in various orientations such as NNW, NW, EW, NE, and NNE directions, but
the NNW or NW direction is the most prominent (See Figures 26 and 27 in the Section
4.2). The NNW-oriented lineaments corresponding to the Tanagura EM fault were
clearly recognized inside the Tanagura fracture zone area. However, the number of
lineaments corresponding to boundary faults of small rock bodies inside the Tanagura
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fracture zone is smaller than that of the Abukuma zone. The reason for this observation
is thought to be that the erosion of the topography in the Tanagura fracture zone made
it difficult to interpret the lineament.

3.3 Investigation results

3.3.1 The Atera fault

Man-borne survey, soil radon gas survey, and dipole/dipole array electric
prospecting were conducted along the A survey line (extension 660 m), as shown in
Figure 14(a) [17]. The measurement interval was 20 m. The number of measurement
points was 33. According to Yamada [39], survey line A crosses Atera faults A and B.
The A fault passes near point 17, and the B fault passes near point 22.

Fresh granite (Cy bedrock) was exposed at survey points 1-2, 7-8, and 30-33
(Figure 14(a)). At points 20-26, weathered and sandy C;, bedrock was exposed.
Survey point 18 exposed a D bedrock of pale green fault gouge. On the east side of the
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Figure 14.

Location map of survey points and outcrop sketches (a) and fluctuation patterns of K, Bi, Tl, Bi/Tl, and radon

concentrations (b) along a survey line across the Atera faults of the Yamaguchi village area. The location of the

Atera fault is based on Yamada [39]. The red % number indicates the increasing rate R, and the black number
indicates the survey point number. See text for green and red triangles.
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Atera B fault, springs of about 1 to 2 liters per minute are distributed in several places
(Figure 14(a)). Since no springs are distributed on the west side of the fault, it is
thought that the fault gouge functions as a water barrier. Based on the above obser-
vations, the area between Atera faults A and B is the most fractured.

Figure 14(b) shows the fluctuation patterns of K, Bi, T1, Bi/Tl, and radon
concentrations along the A line. The Atera faults are indicated by arrows in the
figure. The largest Bi/T1 peak is at point 18, 20 m east of fault A. The increased rate R of
Bi/T1 at point 18 is 48%. This anomaly is composed of the local maxima of Bi (red
triangles) and the local minima of TI (K) (green triangles). Note that there is a fault
gouge near point 18.

Since Tl is the least mobile of the three nuclides, the fluctuation pattern of Tl
indicates element concentration variation in the original rocks (Section 2.2.4). There
should be proportional relationships between Bi, Tl, and K in the original granite. Bi
variations deviating from Tl variations were therefore caused by secondary uranium
migration and enrichment. In other words, the Bi/Tl ratio allows us to distinguish Bi
anomalies into primary magma crystallization anomalies and secondary weathering
anomalies occurring near faults. For example, at points 32 and 3, three nuclides, Bi, Tl,
and K, are increasing at the same time, so the Bi/TI variation does not form a peak.
Fresh granite distribution is predicted at these locations. In fact, outcrop observations
confirmed the distribution of fresh Cy rocks.

Radon concentrations ranged from 0.2 to 19.2 kBq/m? with an average value of
3.8 kBq/m?>. The variation pattern of radon concentration along the A line can be
divided into two zones. One is the zone where the radon concentration near faults A
and B forms several peaks (points 13-31, average 5.4 kBq/m?). The other is a zone
with a low radon concentration and a flat pattern (points 1-12 and 32-33, average
1.2 kBg/m®) (Figure 14(b)).

The highest radon concentration in the former zone is at point 14 (19.2 kBq/m?), 60 m
west of fault A. The third highest peak is at point 22 (10.7 kBq/m’) near the location of
fault B. These peaks are thought to be due to long-range uplifted non-diffusive radon
through open fissures associated with faults A and B. However, we need a measured
value of a carrier gas such as CO, to determine whether it is non-diffusive radon, but
there are no carrier gas data. Since the fault gouge is distributed under point 18, the small
peak at station 18 is considered to be due to radium near the surface. Point 31 has the
second highest peak at 12.2 kBq/m®>. However, since it is a primary anomaly in which
three nuclides are high at point 32 at the same time, there is a possibility that this radon is
also diffusely transported radon due to radium near the surface.

Granite is distributed on the west side of fault A (points 1-16), and granodiorite
porphyry is distributed on the east side of the fault (points 17-33) [39]. Comparing two
sides of K (7263:6790), Bi (550: 511), and TI (1264:1114) shows that the granite distri-
bution area is higher. However, the difference is not large enough to define a fault.

Figure 15(a) shows the variation patterns of Bi/K, T1/Bi, radon concentrations,
and increasing rate of Bi/Tl. Figure 15(b) is a simplified pseudo-resistivity profile
[12]. The measured resistivity values ranged from 45 to 11,264 Qm. Since the resistiv-
ity of general granite is generally 3 x 10° to 1 x 10* Qm, various grades of rocks from
fault gouge to fresh granite should be distributed on the resistivity profile. The resis-
tivity values are classified into three categories for ease of viewing the resistivity
profile in Figure 15(b). Although it is difficult to accurately identify the lithology
from the resistivity value, the relationship between the resistivity range and the
lithology is as follows, considering the general relationship between the resistivity
value and the lithology and field observations: 0-120 Q-m is from fault gouge to sandy
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Figure 15.

Fluctuation patterns of Bi/K, TI/K, radon concentrations and Bi/Tl increasing ratio (a) and the simplified vesistivity
profile (b) across the Atera faults of the Yamaguchi village area. The numbers on the incveasing ratio of Bi/TI curve
indicate the increasing ratio at each point. The vesistivity profile has been edited and modified from Imaizumi et al.
[12]. The red double-headed arrows in graph (a) indicate the locations where uranium was deposited in the cracks.

granite; 120-200 Q-m are sandy to brecciated granites; 200-300 Qm is granite with
cracks; and 300-500 Qm is sheared granite. Above 500 Qm is fresh granite [12].

Since the Atera fault in the study area is not a boundary fault between two stratums
with significantly different resistivity values, it is difficult to draw a fault line in the
resistivity profile. The subsurface structure of the Atera fault is inferred from the fault
location of geological map and resistivity distribution pattern under the ground sur-
face. Underground traces of fault A and fault B are considered to be shown in the
resistivity profile as lines or bands between rock masses of about 300 Qm or more that
have not been broken by fault. Probable fault lines of fault A and fault B are shown in
Figure 15(b). According to this rule, unknown faults a and b are also estimated.

The Bi/K and TI/K curves using SGR logging crack detection methods
(Section 2.2.5.3) and resistivity profiles showing subsurface structures are compared
in Figure 15(a) and (b). The opening positions in both curves (indicated by the red
arrows in the figure) show the locations where uranium salts have precipitated in the
cracks. At point 18, which has the highest increasing ratio, the opening between the
Bi/K and TI/K curves is the largest (the longest red arrow). Other opening locations
(22 and 31% increase) may be related to inferred faults a and b. These faults are
“closed fissures” because point 18 is the location of the fault gouge. On the other hand,
the radon gas concentration peaks indicating open cracks are located between these
closed crack faults.
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3.3.2 The Abashiri Lake east coast fault

Man-borne survey, soil gas radon, and CO, surveys were carried out along two
survey lines, the first line (length 940 m) and second line (820 m), which are set up
across the Notori fault (Figure 11). The measurement interval was 20 m. Here,
fluctuation patterns of K, Bi, T, Bi/Tl, radon, and CO, along the first survey line are
shown (Figure 16). For the estimation of fault line (Figure 17), the data of the second
survey line are also referred. In Figure 16, arrows indicate the location of the Notori
active fault according to Ref. [38]. The Notori Fault is thought to pass through survey
point 25 on the first survey line (Figure 16(a)).

The nearest Bi/Tl anomaly to survey point 25 is point 26, 20 m east of the fault,
with an increasing rate R of 15%. This anomaly is composed of a small local maximum
of Bi (red triangle) and a decreasing trend of T1. Other anomalies are points 2
(R =19%) and 14 (R = 21%), which are more than 200 m west of the active fault.
These anomalies also consist of small local maxima in Bi (red triangles) and local
minima in T1 (green triangles). These two anomalies can be faults because they have
the same patterns.

Radon concentrations in soil range from 0.1 to 4.8 kBq/ m?, with an average value of
1.4 kBq/m>. Several peaks are formed near station 25 where the active fault passes
(Figure 16(a)). These radon peaks and CO, concentration peaks tend to coincide
(Figure 16(b)). Therefore, these peaks of radon are non-diffusive radon that has been
transported through cracks from deep faults by the carrier gas of CO,.

The first survey line (as well as the second survey line) has another index indicat-
ing the fault. This index is a stepped change in nuclide or nuclide ratio that indicates
different material layer boundaries (stratum boundaries). The fluctuation patterns of
Bi, K, and Bi/Tl show a sharp decrease at points 29-30 (indicated by green dotted
line). Averages of K, Bi, and Bi/TI at points 0-29 and at points 30-47 are as follows:
3563:2482 on K, 315:235 on Bi, and 0.56:0.46 on Bi/T1 (Figure 16(a)). Therefore, the
fault shown by the stepped change index passes through point 30. Although the
survey site is covered with the Kussharo pumice layer with an average thickness of
10 m, the stepped change in Bi/T]1 may indicate the boundary fault of the different
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Fluctuations of K, Bi, Tl, Bi/Tl, and radon concentrations (a) and fluctuations of CO, and radon concentrations
along the first survey line across the Notori fault of the Memanbetsu area.
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Figure 17.
Relationship between presumed faults and the active faults of the Memanbetsu area.

Kussharo pumice layers, which have different nuclide concentrations. Since the
Kussharo pumice layer sandwiches a thin sand layer, the different nuclide concentra-
tions may be due to the different depths of the sand layer.

Figure 17 shows the relationship between the inferred faults and active faults
along the first and second survey lines. The two inferred faults are the Bi/T]l anomaly
points linking fault (black line) and the Bi/T1 stepped fluctuation of turning points
linking fault (brown line). Both the faults estimated by the two methods are shifted
20-100 m to the west from the active fault. The non-diffusive radon peak linking
faults are distributed as several crack zones 100-250 m apart to the east and west of
the fault.

3.3.3 The Honguu fault

A two-stage survey, reconnaissance and detailed survey, was conducted to locate
the Honguu fault. In order to extract seven routes for detailed survey, the running car
measurement of car-borne was carried out along 19 routes around the Honguu fault
and a total survey distance of 64.8 km. For the detailed survey, the stopping car
measurement of car-borne was performed (Figure 18). The total distance surveyed
was 4930 m. This paper describes the results of the C5 line (Figure 19) that localized
the Honguu fault using GRS and soil radon gas surveys.
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Detailed car-borne survey route and distribution of Bi/Tl anomalies of the Kii-Tanabe area.
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Fluctuations of K, Bi, Tl, Bi/Tl, and radon concentrations in soil (a) and fluctuations of radon and CO,
concentrations in soil along the C5 survey line across the Honguu faults of the Kii-Tanabe area. See the text for an
explanation of hatching patterns and green dotted line.

Figure 19(a) shows fluctuation patterns of K, Bi, T1, Bi/Tl, and soil radon concen-
trations. According to the ref. [41] and topographical interpretation of aerial photo-
graphs, the Honguu fault is considered to pass through survey point 16. Point 16 has a
Bi/Tl anomaly (increasing rate R = 11%). There are two other anomalous points,

100 m north of the fault (point 11, R = 11%) and 180 m north (point 7, R = 15%). All
anomalous points are in the Otonashi Belt and not in the Muro Belt. The cause of this
observation is unknown. These anomalies are all formed from Bi local minima (red
triangles) and Tl local minima (blue triangles), which should indicate fault patterns.

Radon gas concentration ranges from 0.05 to 11.1 kBq/ m® with an average of
1.7 kBq/ m®. There are several peaks around the Honguu fault. The non-diffusive
radon peaks that overlap with the soil CO, peak (Figure 19(b)) have the highest
concentration peak at point 15 (5.9 kBq/ m®), 20 m north of the fault. Other peaks
include point 10 (2.2 kBq/ m?), 120 m north of the fault and point 5 (4.4 kBq/m®),
220 m north of the fault. These peaks are not related to the Honguu fault, but are
related to the derived faults estimated from the Bi/Tl anomaly.

The Honguu fault is also the boundary fault between the Otonashigawa group and
the Muro group, which have different sediment ages and nuclide concentrations. In
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fact, the mean values of K, Tl, and Bi/TI at survey points 0-16 and 17-31 differed:
5229:5927 on K, 1295:1395 on T1, and 0.33:0.30 on Bi/TI, respectively. The stepped
change in Bi is indicated by the green dot line.

Figure 18 shows the distribution of anomalies with a Bi/T1 increase rate of 5% or
more. Due to the small threshold for fault detection on all survey lines, the anomaly
points are distributed not only near the Honguu fault but also at locations far from the
fault. Strict threshold settings are required to eliminate these extra (noise) anomalies.
This issue is considered in Section 5.

3.3.4 The Tanagura east mavginal fault

The Tohoku Agricultural Administration Office (hereafter, TAAO) evaluated bed-
rock groundwater development technologies, such as fault analysis, electrical surveys,
and groundwater geochemical surveys, in rocky areas where groundwater development
is difficult [42]. The southern Abukuma area, where various rock bodies are distributed,
was selected as the test site. The author was in charge of the fault crack survey using
radioactive prospecting. This section presents reviewed results of man-borne survey
and soil radon gas surveys along the survey line across the Abukuma EM fault. The
results of a regional running car-borne survey are described in the next section. TAAO
[42] conducted an electrical survey of 900m survey line across the Tanagura EM Fault
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Figure 20.

Electric prospecting survey line and radioactivity prospecting survey point (a) and apparent vesistivity profiles
by the Wenner electrode arvay acvoss the Tanagura east marginal fault (b) of the Southern Abukuma area.
The vesistivity profile from the TAAO [42] has been revised and added.
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(Figure 20). The resistivity profile shows that the fault gouge and mylonite of granodi-
orite origin (resistivity 400 Qm or less) are distributed on the west side of the fault
(Tanagura fracture zone) and the mylonitized granodiorite (700 Qm or more) is dis-
tributed on the east side of the fault (Abukuma zone). TAAO [42] concluded that the
fault underlies under the survey line 530 m. Gamma ray spectrometry and radon gas
survey were carried out along the electrical survey line of 450-600 m. The measure-
ment interval was 10 m.

The fluctuation patterns of K, Bi, T, Bi/Tl, and radon concentrations along the
survey line are shown in Figure 21. These patterns can correspond to the fluctuation
patterns of the F dam site (Figure 7) where U leaching occurred in the fault fracture
zone. Bi begins to decrease from both sides of the fracture zone (survey lines 500 and
590 m) and forms a minimum in the center part of the fracture zone. Comparing the
variation patterns of K, Bi, and TI, only Bi decreased (gray triangles). The minimum
occurred at 550 m. This location is the center of the fracture zone indicated by GRS.
The local maximum value of Bi (red triangle) caused by U enrichment is at 500 m at
the entrance of the fracture zone, where Tl is a local minimum (blue triangle).
Remember that the typical fracture zone shows fault clay layers form at both ends of
the fracture zone (Section 2.2.5.1). U enrichment might have caused U to get adsorbed
in these clay layers. As a result, Bi/T] formed the only anomalous point (orange
triangle) with an increasing rate of 11% along the survey line.

Radon concentrations range from 0.4 to 2.5 kBq/ m® with an average value
of 0.9 kBq/ m>. The fluctuation pattern of radon concentration is also the same as that
of F dam. There is a single peak of 2.5 kBq/m? at line 520 m, 10 m east of the fault
location. It is not possible to determine whether this peak is non-diffusive radon
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Fluctuation patterns of K, Bi, Tl, Bi/Tl, and radon concentrations in soil along the electrical prospecting lines 450
to 600 m across the Tanagura east marginal fault of the southern Abukuma area. The position of the electric survey
line is the number attached to the curve of Bi and radon. Red numbers ave the increasing rate of Bi/Tl and radon
concentration at the peak point, respectively. The Tanagura EM fault passes through the 530 m electric prospecting
line.

70



Gamma-Ray Spectrometry in Radioactive Prospecting: Application Tool as Detecting Faul...
DOI: http://dx.doi.org/10.5772 /intechopen.1002936

because no CO, measurements were made in this study, but the only peak is thought
to be radon moving upward through an open crack associated with the fault.

The Tanagura EM Fault is a boundary fault between two geological zones with
different ages and nuclide concentrations. Therefore, there should be a difference in
nuclide concentration on both sides of the fault. In fact, T] count increases stepwise
around line 530 m. Figure 21 shows this change with the green dotted line. The TI
averages of 450-520 m and 530-600 m are 490 and 1560, respectively. T1 count
increases threefold west of this fault. Since Tl is the most resistant element to
weathering, this stepped change is considered to indicate that fault movements caused
rocks of different compositions to come into contact.

4. Regional crack distribution survey by car-borne survey
4.1 Atera fault car-borne survey

In order to investigate the regional distribution of the Atera faults, the
running car measurement of car-borne was carried out on 19 routes across the
Atera fault [17]. Total survey distance is 50.1 km (Figure 10). Car-borne anomalies were
defined by the Bi/Tl increasing rate R above the threshold. Car-borne survey recorded
the integrated value for 30 s at 4 km/h running, so the measurement interval is 30-40 m.
Anomaly locations were plotted at the center of the measurement interval. The repro-
ducibility of the position of the anomaly was confirmed by the stopping car measure-
ments at intervals of 10 m around several anomalies.

To determine the R threshold, we plotted anomalies with R = > 20, 20-15%, and
15-10% on a geological map and examined the relationship between the anomaly
distribution and known fault locations (Figure 22). The number of Bi/T] anomalies

= Anomaly defined as R=>20% of Bi/TI

& Anomaly defined as R=20%15% of Bi/Tl

* Anomaly defined as R=15%-10% of Bi/T

== Geological Fault by Yamada et al. (1976)

w Adera Active Faults by Active Fault Society (1891)
= Rock facies boundary by Yamada et al(1976)

Figure 22.
Relationship between the distribution of anomalies and the locations of the geological faults and active fault of the
Yamaguchi village area.

71



Gamma Rays — Current Insights

corresponding to faults is 4 for R= > 20%, 5 for R = 20-15%, and 16 for R = 15-10%. Of
the R= > 20% anomalies near Magome Pass, only one corresponds to the Atera fault. If
the threshold is set to 10% or more, the correlation between faults and anomalies will
improve, but noise anomalies will increase. Since multiple anomalies are required for

fault estimation, the Bi/TI threshold for the study area was set at R > =10%.

The anomaly point is calculated from the ratio of the average value (called
Bi/T1 background here) of five intervals (150-200 m) before and after the
measured value. It is presumed that the wide-area distribution of the background
also has fault information. Figure 23 shows the relationship between the Bi/Tl
background, anomaly points, faults, and topography. The background
ranged from 0.46 to 0.20. No association was observed between background
values and the distribution of anomalies. Four high background areas with
Bi/Tl > 3.6 are distributed: Northwestern part (1) and central part (2) of the
survey area, northwestern slope of Mt. Takadoki (3), and near Magome Pass (4)
(Figure 23).

Area (1) is distributed in an elongated area parallel to the Atera fault. Area (2) has
two peak points of Bi/Tl = 3.9. A subarea with one peak is concordant with the Atera
fault. Another subarea with another peak is concordant with a secondary fault from
the Atera main fault. The area near Magome Pass is distributed on the Magome-Pass
fault that intersects the Atera fault. These regions are located in terrain erosion zones
caused by faults and are thought to be related to faults (Figure 23(b)). While region
(3) is distributed on high slopes away from faults, the formation mechanism of this
region (3) is unknown. On the other hand, the low background area with Bi/Tl > 2.6
extends from the southern slope of Mt. Takadoki to the Atera fault lines. The rela-
tionship between this low Bi/Tl area and the fault is unknown. According to the
weathering migration mechanism of U, the Bi/T] background may also be related to U
leaching and enrichment. The high background areas of (1) and (2) may be related to
U enrichment along the Atera fault fracture zone.

Figure 24 shows the fluctuation patterns of the nuclides and nuclide ratios along
the survey line in the vicinity of Magome [17]. The arrow shows the fault location
from the geological map. The anomalies of Bi/TI (R = 32%) and Bi/K (R = 26%) were
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Figure 23.

Relationship maps between the Bi/Tl background, anomaly points, faults and topography of the Yamaguchi village
area: (a) Plan view, (b) 3D view. The Qgis2threejs plugin for three-dimensional (3D) display of quantum
geographic information system (QGIS) projects the fault and Bi/Tl background distribution on the 3D terrain.

72



Gamma-Ray Spectrometry in Radioactive Prospecting: Application Tool as Detecting Faul...
DOI: http://dx.doi.org/10.5772 /intechopen.1002936

(a) S W 10° ;
2 160 Atera Fault B
L ]
A o K ® L ]

) ) * 9o

20 1 14
' A %000 4 o %eete e e

KTl °® g g
. _o* * o®
P T :.‘ e mee® .,
A
e A A

0.08 047, & Al al = A 30

0.06 0.3 -.. BTl

T T T T T km
0 0s 1.0

Distance (km)

Figure 24.
Fluctuation patterns of the nuclides and nuclide ratios on the survey line around the Magome of the Yamaguchi
village area (modified from Imaizumi et al. [17]). The arrow shows the fault location from the geological map [39].

formed by the local maximum of Bi and the local minima of Tl and K. Most of
anomalies by the car-borne survey related to the known faults showed the same
fluctuation patterns. It is worth noting that the fault-indicating nuclides and nuclide
ratio patterns observed by man-borne survey also hold true for the 30 m of car-borne
survey interval.

The radioactive anomalies of Type I might be formed by contact
metamorphism near the boundaries of granite bodies (Figure 2). Possible zones of Type
I are the boundary between granodiorite and granite, and the boundary
between rhyolite and granodiorite. These zones are indicated by dotted lines in
Figure 10(b). In fact, there is an anomaly of R > = 20% on the lithofacies boundary
at the southern foot of Mt. Sizumo in the northern part of the study area. In the
southern part of Mt. Takadoki and the western part of Mt. Bonten, there are anomalies
with R > =10% on the lithological boundaries (Figure 10(b)). These anomalies are
thought to be caused by Type I. Figure 25 shows the fluctuation patterns of the nuclides
and nuclide ratios on the survey line across the boundary of rock facies between
granodiorite porphyry and granite around Mt. Sizumo [17]. The Bi/T1 (R = 41%) anom-
aly is formed only by an increase in Bi. This pattern differs from that of the fault.

Figure 22 shows many anomaly points that cannot be explained by known
faults or contact metamorphic boundaries. Some of these anomalies may represent
hitherto unknown faults if they have the patterns of faults. Other anomaly points may
be noise.

4.2 South Abukuma car-borne survey

Groundwater is expected to flow through the fracture system. In Tohoku Agricul-
tural Administration Office project [42], the purpose of the car-borne survey was to
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Figure 25.

Fluctuation patterns of the nuclides and nuclide ratios on the survey line across the boundary of rock facies
between granodiorite porphyry and granite around Mt. Sizumo of the Yamaguchi village area (modified from
Imaizumi et al. [17]).

verify its ability to detect fracture systems. In order to achieve the purpose, 30 routes
and a total distance of 121 km of car-borne survey were carried out. The anomaly points
of Bi/Tl as fracture signs were defined as R > =15%. The possibility of detecting faults by
car-borne survey was evaluated based on the degree of agreement between the distri-
bution of car-borne anomalies and the photolineaments [42]. In addition, the geological
classification ability of car-borne survey was evaluated from the relationship between
lithofacies boundaries and anomalous points and clay mineral estimation by K/Th plots.

4.2.1 Degree of agreement between the distribution of car-borne survey anomalies and the
lineaments

Figure 26(a) shows the relationship between anomalous points and lineaments. The
total number of anomaly points is 79. Forty-nine percent of all anomaly points are
associated with lineaments. The rate of coincidence with lineaments is low (13%) within
the Tanagura fracture zone because there were few lineaments within the Tanagura
fracture zone (see Section 3.2.5). Considering only the Abukuma belt, 58% of the
anomalies are associated with lineaments. Anomalies within the Tanagura fracture zone
tend to coincide with boundaries of rock masses delimited by faults (See next section).

Figure 27(a) shows the relationship between photolineaments (771 lines) [43] and
lineaments crossing the car-borne survey routes (203 routes). The predominant
directions of the photolineaments and the car-borne survey lineaments show almost
the same direction. This figure shows that the car-borne survey was uniformly
surveyed over the area.

The directionality of the lineaments that coincide with the anomalous points was
investigated by the following statistical method. This method was to classify the
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Relationship between photolineament [42, 43] and car-borne survey anomalies (a) and relationship between the
geological boundary [42] and car-borne survey anomalies (b) in the Southern Abukuma area.
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Frequency diagrams of the divection of photolineaments (modified from Koshiya et al. [43]) and photolineaments
intersecting the car-borne survey lines (a) and frequency diagram of lineaments related to anomaly points (b) in

the Southern Abukuma area. The frequency diagram of photolineaments shows the diagram of avea 1 by
Koshiya et al. [43]).

direction of the lineament every 10° and examine the number of cases that coincide
with anomalous points. The concordance rate of lineaments every 10° that coincided
with the anomalous point was investigated using the following equation.

Number of coincidences between lineaments and anomaly points
Concordance rate =

- - - x 100
Number of intersections between lineaments and carborne routes

(3)
Figure 27(b) shows the directional frequency distribution of lineaments with a
high matching rate. The direction of lineament with high matching rate is N60°-50°W
(50%), N30°-70°E direction (35%), N10°-20°W direction (33%), and N30°-40°W
direction (32%). This trend is the same as the frequency distribution map of linea-
ments in Figure 27(a) [42].

75



Gamma Rays — Current Insights

4.2.2 Relationship between car-borne survey anomaly points and rock bodies

Many anomaly points within the Tanagura fracture zone tend to be plotted on the
fault line (Figure 27(b)). On the other hand, in the Abukuma belt, unlike the Atera
fault area (Section 4.1), with some exceptions, the anomalous points do not coincide
with the lithofacies boundary. They are scattered in each rock body (Figure 27(b)).
Since uranium enrichment in the contact metamorphic zone does not occur
through the intrusion of granite into the high-temperature host rock deep
underground (Figure 2), the granites of the Abukuma Belt may have intruded at a
deeper depth than those of the Atera area.

4.2.3 Evaluation of vock weathering by K-TI cross-plot

In order to plot GRS data on the K-Th cross-plot, a calibration pad as defined by
the IAEA [4] is required. Unfortunately, due to the lack of calibration pads available in
Japan, it is not possible to convert y-rays K and Tl to potassium oxide (K20) and Th
concentrations by formal methods. Therefore, y-rays K and Tl were converted into
concentrations by the following simple method. Japan’s National Institute of
Advanced Industrial Science and Technology publishes geochemical maps of all of
Japan on the Internet (https://gbank.gsj.jp/geochemmap/gmaps/map.htm). According
to this information, the study area is within the areas of K20 = 1.609-1.887% and
Th = 11.60-14.74 ppm. Assuming that K20 = 1.609%, Th = 11.60 ppm, and the mean
values of y-rays K and Tl are linearly proportional to these values, y-rays K and Tl
were converted to each concentration datum.

Figure 28 shows the correlation of K,O-Th for each rock body in the Tanagura
fracture zone, except for the Hanawa rock body which belongs to the Abukuma belt.
Table 2 shows regression equations and clay mineral species for each rock body using
Table 1. According to the Th-/K cross-plot (Figure 3), clay minerals in each rock mass
are plotted between the kaolinite line (K/TI = 12) and the mixed layer clay line
(K/TI = 3.5). Therefore, the main clay minerals in all rock bodies are mixed layer clays.
However, parts of the Neogene, Ashio sedimentary rocks, Metamorphic rocks, and
Ohonukari rock bodies are plotted in the montmorillonite region. From Table 1,
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Figure 28.
The corrvelation of K,O-Th between Neogene sedimentary rocks, Ashio granites, Ashio sedimentary vocks, Ohonukari
rocks, Higashidate vocks, metamorphic vocks, and Abukuma Hanawa granites in the Southern Abukuma area.
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Geologic Rock facies Regression R? Clay mineral
province equation
Tanagura zone Ashio granite y = 9.7654x-3.5928  0.93 Kaolinite and chlorite

Neogene Sediment  y =7.630 Sx- 0.4579 0.84 Mixed-layer clays: Montmorillonite

Ashio sediment Rocks y =7.2368x-0.4683 0.53 Mixed-layer clays: Montmorillonite

Metamorphic Rocks  y = 6252 5x + 2.0278 0.81 Mixed-layer clays: Montmorillonite

Ohonurai Rock Mass y = 5353 5x + 2.5684 0.60 Mixed-layer clays: Montmorillonite

Higashidate Rock y = 4.587 0.41 Mixed-layer clays
Mass 7x + 41897
Abukuma Belt Abukuma Hanawa y =3.7866x + 5.8611 0.58 Mixed-layer clays: Illite
Granite

Table 2.
Regression equations of K,O-Th and clay mineral species estimated for each rock body in the Southern Abukuma area.

kaolinite and chlorite may be found in the Ashio belt origin granite (K/T1 = 9.8), and
illite may be found in the Abukuma belt granite (K/Tl = 3.8). Summarizing the results
from the figure and table, the most weathered rock body is the Ashio belt origin
granite distributed in the Tanagura fracture zone. The least weathered rock is the
Hanawa rock body of the Abukuma belt.

5. Discussion

5.1 Characteristics of distribution patterns of nuclides around faults and fault
detection indices

Due to the ease of exploration, the anomaly defined by the Bi/Tl increased rate and
the radon gas concentration peak were selected as indicators for fault trace detection.
We evaluated whether these indices can detect four existing buried faults. The results
are summarized in Table 3. Figures in the table show the distance from the locations of
the already-known fault. The three kinds of faults presumed by radioactivity
prospecting are: (1) Fault presumed from the continuity of anomaly points with an
increasing rate Bi/T1 above the threshold defined for each study area. (2) Fault esti-
mated from the continuity of peak points of non-diffusive radon (more precisely, the
radon has to coincide with CO, gas peak points). (3) Faults inferred from the continuity
of conversion points where the average value changes in the stepped fluctuation pattern
of nuclide and nuclide ratio. Point (3) was newly added based on field survey results.

The index of (1) was near all four faults. In particular, it should be emphasized that the
location of the Bi/Tl index was within 0-30 m of the known fault location. Anomalies of
Bi/Tl are not due to an increase in Bi alone. They are caused by relative changes in Bi and
TL All fault-related anomalies were formed by local maxima in Bi and local minima or
decreasing trends of T1. The geological meaning of the index (1) is considered to be related
to a fault gouge, although only the Adela fault has been confirmed. The mechanism (1) is
explained as follows: Uranium salts in groundwater were adsorbed on clay minerals (e.g.,
montmorillonite: see Sections 2.2.4 and 2.2.5) in the fault gouge. On the other hand, the
concentration of Th in the fault gouge tends to preserve the composition of original rock
(see Section 2.2.4). Given the above mechanism, we can understand the limitations of
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Fluctuation Index (1) Index (2) Index (3)
pattern Non-
diffusi
Fault name Geology Survey 2"Bi 2%%T1 “°K *Bi/  Geology of 122;1;;ve Stepped
line 20871 Anomaly fluctuation
Active  Atera Granodiorite / A A V. V A 20m Fault O 60m X
Fault Fault Granite gouge
East Tertiary First A A 20m O 180m O 100m
Abashin volcanic
Lake rocks /
Faults Tertiary Second A\ \/\ 20 m O 120m O Om
volcanic
rocks
Honguu Tertiary C5 A V. VA Om O 10m O Om
Fault Otonashigawa
F.shale /
Tertiary Muro
F. alternation
Non- Tanakura  Granitic Electric A vV V. A 30m O 30m O Om

active East rocks/ prospecting
fault Marginal Mylonite,
Fault Fault gouge

A: Maximum, V: Minimum,: \ Decrease. Figures show the distance from the location of faults.

Table 3.
Summary table of fault detection by radioactivity prospecting.

radioactivity prospecting. Bi/Tl anomalies cannot detect existing fault locations, such as
when fault gouging is insufficient in fault fracture zones.

Index (2) was confirmed for all faults. The locations of the (2) index were within
10-180 m of the known fault location. In this paper, the CO, survey results are shown
only for two faults, but radon concentration peaks that coincide with the CO, peaks
were shown for these two faults. These prove the existence of non-diffusive radon. In
a typical fracture zone structure, the open cracks develop around the central fault
gouge (Figures 6 and 7). The peak position of (2) may indicate an open crack (open
fault). Therefore, the peak position in the fracture zone does not match the Bi/Tl
anomaly position located in the fault gouge. In the Notori fault of Abashiri Lake East
Fault Group, several lines of the non-diffusive radon peak linking faults were distrib-
uted 100-250 m apart to the east and west of the fault (Figure 17).

The fault estimated by the index (3) was confirmed at three locations, except for
the Atera fault. This phenomenon occurs when strata with different nuclide concen-
trations are in contact with each other at the fault boundary, so it is thought that it was
not detected at the boundary between granodiorite and granite on the Atera fault. The
positions of the turning points of the three faults were observed within 0-100 m from
the known faults.

Since the Honguu fault and the Tanagura EM fault contact different rock bodies
(stratums) with their faults, the fault detection by the index (3) is expected. However,
for the Abashiri Lake Toho Fault (Notori Fault), the fault could be detected with this
index, even though the Kusharo pumice flow deposits are distributed on both sides of
the fault. This phenomenon was explained by the difference in the depth of thin layers
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(for example, sand layers) sandwiched between pumice flow deposits, but it is neces-
sary to clarify the cause in the future.

The radioactivity fluctuation pattern of the fault at the F dam site, which has a
fracture zone width of about 20 m, is considered to be the simplest fluctuation
pattern. However, it is worth noting that fracture zones with a width of 50 m or more,
such as the Tanagura electromagnetic fault, also have a similar deformation pattern to
the fault at the F dam site (Figure 21). This phenomenon is the basis for detecting
faults with the Bi/TI index, even in running carbon with wide measurement intervals
(Figure 24). However, as shown on the Notori fault (Figure 17), large shatter zones
cannot be detected by single gamma-ray anomalies or radon anomalies alone. It
should be kept in mind that in general, large fracture zones have a complex distribu-
tion of closed and open cracks.

In summary, it is possible to detect fault traces with three indices. However, each
index has an error of 0-30 m, 0-180 m, and 0-100 m from the published fault
position, respectively. In particular, index (2) may exist in multiple locations within
the fracture zone, and even outside the fracture zone (Section 2.2.5.1).

5.2 Relationship between car-borne survey anomalies, faults, and lithofacies
boundaries

Car-borne survey is an exploration technology that bridges the gap between man-
borne and air-borne [4]. Even if car-borne survey is carried out in off-road areas,
geological mapping using car-borne survey may not be able to investigate the original
geological situation because the roads are heavily contaminated with materials used in
road construction [4]. Therefore, the main purpose of a car-borne survey is
recommended to be applied to environmental problems such as searching for lost radio-
active sources and mapping radioactive fallout [4]. However, Kimura’s car-borne system
(Section 3.1.2) was able to extend the limits of car-borne survey by giving direction to
the measurement efficiency of the detector (Fault/lineament detection: Section 4.1, 4.2.1,
geological boundary mapping: Section 4.2.2, weathering assessment: Section 4.2.3).
Directivity to the measuring efficiency of the detector is given by installing the detector
on one side of the cargo hold and shielding one side of the detector.

The distribution of abnormal points, which are a fault signature, changes depending
on the threshold set arbitrarily by humans. Therefore, if the threshold value is set too
small, noise anomalies other than faults and geological information will occur. Therefore,
noise processing methods are one of the future challenges. Artificial Intelligence (AI)
machine learning can be expected to become one of the processing methods.

Machine learning models such as random forests can draw decision boundaries for
linearly inseparable distributed anomalous and normal points. Using random forest
classification (OpenCV), which is a built-in function of SAGA-GIS, an attempt will be
made to classify the car-borne survey anomalies in the Atera fault zone.

We already have location information of anomaly point distribution with
R > =10% in GIS. In order to draw abnormal point areas in GIS, location information
of normal areas without faults is required. For simplicity, the distribution of normal
points without faults was created using the QGIS plugin “QChainage.” The QChainage
can create points at specified intervals on the lines of the car-borne survey route on
QGIS. Here, points were generated every 200 m on the car-borne survey routes (254
points). Among these points, points that overlapped with the anomaly points and
points within 200 m of the anomaly points were deleted to obtain the location infor-
mation of normal points (167 points) (Figure 29).
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Anomaly defined as R=>20% of Bi/TI
Anomaly defiend as R=20%-15% of Bi/TI
Anormaly defined as R=15%-10% of Bi/TI

L]
A
a
@ Normal point by QChainage 200m

f f \ , — Car-Borne Ruote

Figure 29.

Distribution map of anomaly and normal points in the Yamaguchi village area. The anomaly points were defined
as R > =10%. The distribution of normal points was created using the QGIS plugin “QChainage.” see text for
detailed explanation.

Training data for Random Forest classification (OpenCV) require raster data. The
point data of abnormal points and normal points were converted to raster data using
the IDW function (Inverse Distance Weighted). Figure 30 shows the classification
results of anomaly and normal areas. The anomaly points area is indicated by a black
polygon. In this classification, only the location information of abnormal points and

=98

— Adera Active Fault

Geological Fault by Yamada(1978)
== Geological Boundary by Yamada (1978)

, == Random Forest Classification Boundary
®  Anomaly defined as R=>20% of Bi/TI

A Anomaly defiend as R=20%-15% of B/TI
O  Ancrmaly defined as R=15%-10% of Bi/TI

Random Forest Classification

D Fault - Geological Boundary

Figure 30.

Results of classification of anomaly and normal regions using the SAGA-GIS built-in function random Forest
(CV) in the Yamaguchi village area. Anomaly areas related to faults (brown areas) and anomaly areas related to
geological boundaries (purple areas) are manually colored.
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normal points was used as a covariate, so only the areas of abnormal and normal
points could be classified. Therefore, in this figure, anomaly areas related to faults
(brown areas) and anomaly areas related to geological boundaries (purple areas) were
manually colored. In the figure, there are still noise anomaly areas that cannot be
classified. In the future, it is expected that fault areas will be automatically extracted
using a machine learning model that also uses fault distribution maps and geological
maps as covariates.

6. Conclusions

Gamma-ray spectrometry is an excellent exploration method that can obtain
information at a depth of 30 to 50 cm below the surface, which cannot be obtained by
other remote sensing methods. The usefulness of this technology will be even greater
if we can detect buried fault locations that cannot be directly observed due to recent
sediments and soil. In order to clarify the possibility of fault detection by GRS,
radioactivity prospecting including soil radon gas survey, etc., was carried out on
already-known faults of four areas: active faults (the Adera fault, the Abashiri lake
east coast fault group, and the Honguu fault) and non-active faults (Tanagura east
marginal fault). As a result, it was shown that it is possible to detect fault traces with
the following three indices: (1) Fault presumed from the continuity of anomaly points
with an increasing rate Bi/Tl above the threshold defined for each study area. (2) Fault
estimated from the continuity of peak points of non-diffusive radon. (3) Faults
inferred from the continuity of conversion points where the average value changes in
the stepped fluctuation pattern of nuclide and nuclide ratio. However, each index has
an error of 0-30 m, 0-180 m, and 0-100 m from the published fault position,
respectively. Published fault locations are compiled from literature maps and may
have errors of up to 100 m or more depending on location. Therefore, it is concluded
that the error of the fault position estimated by the three indices is within the allow-
able error range. Fault detection using radioactivity exploration should be based on
the three indicators listed above. It is difficult to detect faults using only total gamma-
ray measuring equipment such as survey meters, which has been done so far. In order
to continue to develop analysis technology for radioactivity prospecting, in addition to
accurate GRS and radon gas concentration measurements, it is also necessary to
develop analysis technology using Artificial Intelligence (AI) technology, etc.
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Abstract

Soybean has the potential to be termed the “crop of the future” due to its signifi-
cant capacity to address protein-energy malnutrition and hidden hunger, particularly
in developing countries where diets are predominantly based on wheat and rice.
Despite its substantial nutritional value, numerous health benefits, and its versatil-
ity in various food and industrial applications, soybean’ full potential remains
underutilized due to inherent off-flavors and the presence of antinutritional factors
(ANFs). Gamma irradiation is known to have a positive impact by inducing structural
and chemical changes in biomolecules like carbohydrates, lipids, proteins, and other
phytochemicals. This process leads to improved functionality and market demand by
reducing ANFs and the off-flavor in soybeans. Scientifically, it has been demonstrated
that low to moderate doses of gamma radiation, up to 10 kGy, can positively influence
the antioxidant capacity of soybeans. This, in turn, helps control lipid and protein
oxidation, reducing the generation of off-flavors and enhancing the quality and
nutraceutical potential of soybeans.

Keywords: y-Irradiation, soybean, antinutrional factors, nutrition, off-flavor, food
quality, antioxidant potential, allergen

1. Introduction

Soybeans hold the position of being the most widely cultivated oilseed crop, both
in India and across the world. According to data from Our World in Data in 2021, soy-
beans were grown on around 129.52 million hectares of land globally. In 2021, global
soybean production reached 371.69 million metric tons, and there are expectations
that this figure will rise to 391.17 million metric tons by 2023. The major countries
contributing to soybean production are the United States, Brazil, Argentina, China,
and India.
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Soybean seeds have a composition comprising roughly 27% complex carbohy-
drates, 40% protein, 20% oil, 8% moisture, and 5% minerals. This nutritional profile
positions soybean as a valuable resource for addressing malnutrition and undernutri-
tion, particularly in developing countries. Soybean’s protein quality, measured by the
protein digestibility corrected amino acid score, is on par with protein sources derived
from animals.

Irradiation involves the use of radiation on foods primarily for extended hygiene
and safety purposes and others too. It is a low-cost, environment-friendly, non-
thermal physical processing technology widely used in the food industry. It has been
reported to reduce food allergenicity, effectively killing insects, molds, and bacteria
[1, 2] and also to minimize the harmful substances such as biogenic amines [3] and
anti-nutritional factors present in food [4]. Besides, when applied in the proper doses,
it has no detrimental effect on the physicochemical, nutritional, and sensorial quality
of food [5-7].

Irradiation is categorized into two types: ionizing radiation, which includes UV-C,
y-irradiation, electron beams, and X-rays, and non-ionizing radiation, which encom-
passes ultraviolet, visible light, and infrared. Ionizing radiation possesses higher
energy levels compared to non-ionizing radiation. Among these irradiation methods,
gamma irradiation is the most commonly used due to its exceptional penetration
capabilities, as highlighted in a study by Liu et al. [8].

Generally, electron beam irradiation can only penetrate the surface of food to a
depth of 50-150 mm, as noted by Fan et al. [9], while y-irradiation can deeply and
readily penetrate various materials, as mentioned by Ekezie et al. [10]. In industrial
applications, the two primary sources of gamma radiation are cobalt-60 (*°Co) and
iridium-192 (**Ir). The energy of ionizing radiation is measured in electronvolts
(eV), but due to the small size of an electronvolt, it'’s common to express ionizing
radiation energy in megaelectronvolts (MeV). Co-60 emits two y-rays simultane-
ously with energies of approximately 1.17 and 1.33 MeV during its radioactive decay
process. Additionally, ®*’Co emits a low-energy electron (beta particle) with a maxi-
mum energy of around 0.3 MeV [9]. "*Ir emits gamma rays at energies of 0.31, 0.47,
and 0.60 MeV. Given that the radiation from *°Co has roughly twice the energy of that
from "*’Ir and possesses greater penetration power through materials, making it more
hazardous and requiring more substantial shielding. The standard unit for measuring
the absorbed dose of y-radiation is the “rad” (Radiation Absorbed Dose). It is defined
as a dose of 100 ergs of energy per gram of the given material. The International
System of Units (SI) unit for measuring absorbed radiation is the gray (Gy), defined
as joules per kilogram of mass. One gray is equivalent to 100 rads.

The impact of y-irradiation on food depends on whether it is in a dry or aqueous
state. In solid foods, the food molecules directly absorb radiation energy, leading
to structural changes. In the case of aqueous foods, when exposed to y-radiation,
water generates hydroxyl radicals and hydrated electrons, which subsequently react
with biomolecules to form covalent bonds [11]. Proteins in soybeans are influenced
by y-irradiation through mechanisms such as conformational changes [12] and the
promotion of amino acid oxidation, peptide bond cleavage, and the formation of
disulfide bonds [13]. y-irradiation has a long history as a food preservation method.
Currently, it is widely acknowledged that foods irradiated at doses below 10 kGy
are safe and pose no toxicity risks to humans [7, 14]. The Food and Agriculture
Organization (FAO) and the World Health Organization (WHO) have also stated that
the maximum absorbed dose delivered to foods should not exceed 10 kGy, except
when it is necessary to achieve a legitimate technological purpose [15]. However, it’s
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important to note that the specific irradiation dose can vary based on the type of food,
its intended use, and regulations in different countries. For instance, in the United
States, the irradiation dose for dry spices/seasonings is 30 kGy, and for frozen pack-
aged meats, it is 44 kGy.

Hence, the impact of y-irradiation on the nutritional aspects and flavor of soybean
seeds and their processed products has been extensively explored in the literature.
This study could potentially serve as a valuable resource for preserving the nutritional
value of soybeans and enhancing their bioavailability and scientific acceptance to its
worldwide consumers.

2. Impact of y-irradiation processing on inherent properties of soybean

Ionizing radiation is a highly efficient method for controlling pathogens, pre-
venting spoilage, and enhancing the storage life of various food products, including
spices, herbs, fresh fruits, vegetables, leguminous seeds, and cereals. Research
conducted by the World Health Organization has confirmed that food irradiation
does not raise any significant concerns regarding toxicity, microbiology, or nutritional
content [16]. However, it does induce chemical changes that may impact the overall
quality of the products. It is generally considered safe and nutritionally sound to
consume food irradiated at doses up to 10 kGy, with some products even approved for
higher doses [17].

The effects of y-irradiation on various inherent properties of soybeans are sum-
marized in Figure 1 and extensively discussed in subsequent sections.

Lipid oxidation, malondialdehyde
Unsaturated FAs, FFAs, Carbonyl,
Peroxide, Vitamin-E, Amino Acids.
Soluble dietary fibre

Lipase activity, Allergenicity,
Unaffected moisture, ash, total sugar

Anthocyanin, tocopherol,
Extractable ant-oxidants,
Deglycosylation, isoflavones,
Free radical scavanging,
Carotenoids, proanthocyanidins,
Lipoxygenase activity, carbonyl,
TBA, ROS generation

Fungal Aflatoxins content,
Soybean ruminal degradability,
f Soybean protein digestibility

l Bacterial, yeast, mold toxins,

Phytic acid, & trypsin inhibitors,
Tannin content partially, urase3,
Lipoxygenase, oligosaccharides,
Lectins and heameagglutinins

? Shelf life & nutritional value

Figure 1.

Effects of y-irradiation on soybean. FAs: Fatty acids, FFAs: Free fatty acids, ROS: Reactive oxygen species, TAB:
Thiobarbituric acid, Co- cobalt, Cs- Cesium. Recommended dose of y-irradiation is 0.5-10 kGy. Down and up
arrow represent decrease and increase vespectively.

91



Gamma Rays — Current Insights

2.1 Physicochemical profile

Exposing soybean to y-irradiation levels of up to 10 kGy has been observed to
effectively preserve essential nutritional aspects. Soybean oil extracted from soybeans
subjected to gamma radiation up to 10 kGy exhibited no significant changes in various
physicochemical characteristics, including lipid content, fatty acid composition,
acid value, peroxide value, and trans fatty acid content [18]. However, there was a
clear trend of prolonged induction periods with higher radiation doses. Beyond the
10 kGy thresholds, a notable increase in n-hexanal content was detected, indicating
its potential as an indicator of excessive radiation exposure in soybeans. Additionally,
as the irradiation dose increases, there is a tendency towards an extended period of
resistance to oxidation, which is known as the “induction period.” However, it’s worth
noting that when irradiation doses exceed 10 kGy, there is a noticeable increase in the
levels of n-hexanal, which can potentially serve as an indicator of excessive irradiation
in soybeans. In the case of peanut seeds, an irradiation dose of 1 kGy is considered
suitable. Nevertheless, a higher dose of 10 kGy has been found to significantly reduce
the fat and protein content of peanuts while increasing their water activity. On the
other hand, moisture, ash, and total sugar contents are unaffected by y-irradiation
[8]. y-irradiation accelerates lipid oxidation, leading to increased values for fatty
acid, peroxide, carbonyl, and malondialdehyde, while reducing lipase activity.
Additionally, y-irradiation induces changes in fatty acid and amino acid composi-
tion. Hazelnut kernels irradiated with a 0.5 kGy dose maintain high quality in terms
of free fatty acids, peroxide content, and vitamin E [19]. The impact of y-irradiation
on protein properties and structures was examined, with doses up to 10 kGy tested.
[20], studied the impact of mildew and gamma irradiation (using *®Co-y rays) on the
digestibility, composition, and protein structure of soybeans. Mildew reduced pepsin
digestibility and amino acid content while altering the protein’s secondary structure.
In fresh soybeans, ®°Co-y irradiation in the range of 10 to 30 kGy had no significant
effect on amino acids and pepsin digestibility, except for changes in protein secondary
structure. However, in mildew soybeans, y-irradiation reduced amino acid content
and caused structural changes in the protein. As the radiation dose increased, there
was a partial reduction in protein concentration, resulting in decreased solubility in
water. This could be attributed to alterations in protein conformation, potentially
causing hydrophobic amino acid residues originally hidden within the protein to
become exposed on its surface, thus increasing the protein’s hydrophobic nature. The
irradiated samples displayed diminished emulsifying abilities and heightened surface
hydrophobicity [21-23]. Furthermore, this dose does not adversely affect the sensory
characteristics of hazelnut kernels. However, vitamin E levels decrease with increas-
ing irradiation doses.

In oil seeds like soybean, peanut, and sesame, the proportions of induced
unsaturated fatty acids are dependent on the irradiation dose, generally increasing
with higher doses for different seed types [24]. The natural compounds found in
soybeans, including isoflavones, Bowman-Birk factor, tocopherols, lecithin, lunasin,
saponins, and others, have shown significant health benefits in combating conditions
like cancer, atherosclerosis, diabetes, and osteoporosis, as evidenced by Kumar et al.
[25] and Messina [26]. This has led to soybeans being recognized as a “functional
food.” However, the global consumption of soybeans as a dietary source remains
low, with only around 10% of soybean production being used as food, primarily
in East and South East Asia. One of the reasons for this limited consumption is the
presence of anti-nutritional factors like phytic acid, Kunitz trypsin inhibitor, and
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allergens, including Gly m Bd 68 K, a subunit of $-conglycinin, which can deter
people from incorporating soybeans into their diets. Meinlschmidt et al. [27, 28]
conducted research on the impact of y-irradiation (at doses of 3-100 kGy) on the
immunogenecity of soybean protein isolate and observed a remarkable reduction of
91-100% in the soluble protein fraction’ allergenicity. y-irradiation achieves this by
introducing structural changes, promoting protein aggregation or degradation, and
destroying exposed epitopes [29]. The aversion to including soybeans in one’s diet is
often linked not only to allergens but also to the characteristic beany flavor associated
with soybean products. This off-flavor is primarily generated through three processes:
automatic, photosensitized, and enzymatic oxidations. Among these, enzymatic deg-
radation, specifically the breakdown of unsaturated fatty acids catalyzed by lipoxy-
genases (LOX) in soybean seeds, is the primary pathway for producing compounds
responsible for the beany flavor [30]. This process involves the catalytic oxidation of
polyunsaturated fatty acids containing 1,4-Z, Z-pentadiene structures, such as linoleic
and a-linolenic acid, by soybean seed lipoxygenases. The resulting hydroperoxides
are then further metabolized by hydroperoxide lyases, leading to the production of
volatile aldehydes and ketones that give soy products their distinctive off-beany flavor
[21, 22]. The beany flavor of soybean is associated with more than 20 volatile com-
pounds, including fatty aldehydes, fatty alcohols, fatty ketones, furans, furan deriva-
tives, and aromatic compounds [30]. Of these, hexanal and (Z)-3-hexenal are the
most significant contributors [31]. Hexanal has a scent reminiscent of cut grass and
green notes, with an incredibly low odor threshold of 0.0045 ppb, and it results from
the enzymatic oxidation of linoleic acid. (Z)-3-Hexenal, with a green beany flavor,
also strongly influences the soybean’s overall flavor profile and has an extraordinarily
low odor threshold of 0.00012 ppb. It is formed through the oxidation of a-linolenic
acid [32]. Apart from these volatile compounds, certain non-volatile compounds like
flavonoids, saponins, phenolic acids, and specific amino acids can also contribute

to the formation of the beany odorants [30]. The content of soluble dietary fiber in
soybean increases when exposed to higher irradiation doses, ranging from 400 kGy to
1200 kGy. The combination of y-irradiation and micronization (grinding to produce
soft mass/powder) demonstrates the most effective means of enhancing dietary fiber
degradation while also positively influencing its physical and chemical characteristics
[33, 34]. As aresult, this method is considered an optimal approach for enhancing
the quality of soybean overall nutrition. These investigations collectively underscore
the promise and potential utility of y-irradiation as a technology for maintaining and
enhancing the physicochemical properties and nutritional value of soybean.

2.2 Antioxidants

The antioxidant properties of soybeans can be significantly enhanced through
y-irradiation. The seed coat color has a prominent effect on the antioxidant response
to y-radiation. In a study conducted by Tewari and colleagues [35], soybeans were
exposed to low doses of gamma rays (0.25 kGy, 0.5 kGy, 0.75 kGy, and 1.0 kGy).
The findings indicated that soybean varieties with darker seed coat colors displayed
greater susceptibility to y-irradiation. A significant observation was the marked
rise in the levels of tocopherols and anthocyanins in dark-colored soybean varieties.
Further, at a radiation dose of 0.25 kGy, there was a notable increase in the concen-
tration of isoflavones. Additionally, y-radiation had a significant reducing effect on
parameters associated with undesirable flavors, including seed lipoxygenase activity,
thiobarbituric acid number, and carbonyl value in the dark-colored soybean varieties.
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Radiation dose appears to play a crucial role in the extractable phenolics found
in legume and cereal seeds, which may also influence the antioxidant properties of
soybeans. However, it’s essential to note that y-irradiation is not currently employed
to intentionally boost the antioxidant properties of soybeans. Nevertheless, under
certain favorable radiation conditions, an increase in the content of extractable
phenolics has been detected. Kumari and co-workers [36], conducted a study in
which y-irradiation resulted in a decrease in non-extractable phenolics in both yellow
and black-coated soybean cultivars. Remarkably, a substantial increase in the total
extractable flavonoids was noted in irradiated samples, which included soybeans [37],
peanut skins [38], and quinoa subjected to electron beam irradiation [39]. On the
contrary, some researchers have reported a significant enhancement in anthocyanin
content in pigmented rice and soybeans as a result of y-irradiation Taken together,
these findings imply that y-irradiation can impact the antioxidant properties of
soybeans and other food products. However, the precise effects may vary depending
on factors such as the type of seed, radiation dose, and other environmental condi-
tions. Soybeans are rich in isoflavones, and their levels are influenced by genetic
factors. Isoflavones, a type of polyphenol, serve as antioxidants that can help prevent
osteoporosis, reduce the risk of atherosclerosis, and protect against cardiovascular
disease. The impact of y-irradiation on isoflavones has been predominantly studied
in soybeans. The specific isoflavones, like genistein, daidzein, and glycetein, showed
a significant increase in concentration during irradiation processing up to 10 kGy.
Additionally, measures of antioxidant potential, such as DPPH (1,1-diphenyl-
2-picrylhydrazyl) scavenging activity and enhanced hydroxyl radical scavenging,
exhibited a positive correlation with the radiation dose, suggesting that using radia-
tion as a food preservation method can have beneficial nutritional implications [37,
40, 41]. However, at 50 kGy, isoflavone levels in the samples showed a lower, though
not statistically significant change [42]. Interestingly, aglycons and isoflavone gluco-
sides have displayed diverse responses to y-irradiation. Variyar and group [41] noted
that y-irradiation (0.5-5 kGy) remarkably reduced the overall content of isoflavones,
particularly the glycosides, while enhancing the content of isoflavone aglycons in 80%
methanol extracts of soybeans. However, there have been reports where y-irradiation
treatments had no significant impact on the isoflavone content of soybeans when the
radiation dose was below 10 kGy [40]. This variation could potentially be linked to
the choice of solvent utilized for extraction. Furthermore, reduction in the overall
isoflavone content was solely noted in yellow soybeans subjected to y-irradiation
at a dose of 1 kGy. This decline in non-extractable phenolics can be linked to the
lower presence of protective anthocyanins, which serve as guards against radio-
lytic degradation, particularly when compared to black soybeans [43]. Among
black soybeans, the metal chelating (Fe’*) activity and reducing power exhibited a
decreased sensitivity to y-irradiation. Conversely, yellow and green-coated soybeans
demonstrated a notable enhancement in these attributes at radiation doses of 0.5 and
2 kGy. Moreover, Krishnan et al. [44] and Bansal et al. [45] reported that an effective
improvement in extractable antioxidant activities and the preservation of nutraceuti-
cal properties was achieved with the application of a lower dose, specifically 0.5 kGy.

Radiation-induced transformations within the same class of phenolic compounds,
such as the conversion of glycosides to aglycons, are largely attributed to the breaking
of glycosidic bonds—a process known as deglycosylation. For example, y-irradiation
of soybeans has been shown to increase isoflavone aglycons and decrease their
glucosides due to the deglycosylation of isoflavone glucosides [41]. They also showed
that the increased DPPH scavenging activity of isoflavones in y-irradiated soybeans
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was attributed to higher levels of the free form, such as isoflavone aglycon, despite a
reduction in both the total isoflavone content and its glucosides. The hydroxyl radi-
cal scavenging activity, as evidenced by its ability to inhibit deoxyribose oxidation,
stayed at a high level up to a radiation dose of 2.0 kGy in soybeans. This suggests
that y-irradiation contributes to an increase of antioxidant activity. Medium doses of
gamma irradiation (1-10 kGy) were reported to enhance total phenolic and tannin
contents, as well as DPPH scavenger activity, in soybean seeds, while reducing protein
oxidation. Although gamma irradiation had minimal impact on lipid peroxidation
and soluble protein content, a significant decrease in protein oxidation was observed
at a 10 kGy dose, suggesting improved antioxidant activity depending of radiation
dose [46]. In another study, Mata-Ramirez and group [47] conducted an assessment
of the quantification and bioactivity of isoflavones in soybean callus subjected to
UV-light-induced stress. Their results suggested that exposure to UV-C light stress
resulted in elevated levels of genistein-O-glucosyl-malonate and genistein-O-
glucoside in soybean callus, leading to improvements in both antioxidant and anti-
inflammatory activities [48]. This suggests that the application of both tissue culture
techniques and UV-B radiation treatment can be an effective means of obtaining
bioactive compounds. The increased antioxidant activity observed in soybean geno-
types following exposure to low doses of gamma irradiation may be associated with
the production of free flavonoid. Research has shown that these liberated flavonoids
display stronger antioxidant characteristics in comparison to glycosides. Variyar
etal. [41] proposed that the radiation-induced degradation of glycosides leads to the
liberation of free isoflavones. Given that isoflavones are a type of phenolic compound,
the rise in their concentration at lower doses of gamma irradiation corresponds with
the concurrent increase in total phenolic content. This, in turn, contributes to the
improvement in antioxidant activity.

The improvement in soybean antioxidant activity was linked to an increase in
the overall phenolic content. It was proposed that y-irradiation could boost phenolic
content by stimulating the activity of phenylpropanoid pathway enzymes. The
increase in isoflavones was theorized to result from either the conversion of malonyl
derivatives into free glycosides or an augmented biosynthesis. Using the epithelial
cell line BEAS-2B, [43] explored the effect of three different doses of y-radiation, for
instance 0.25, 0.5 and 1.0 kGy, on the anti-proliferative and cytoprotective effect of
black and yellow soybean extracts that were characterized in terms of total pheno-
lics, and flavonoids and the anthocyanin cyanidin 3- glucoside. It was reported that
y-irradiation at 1 kGy dose enhanced the cyanidin 3- glucoside content by 33%, which
correlated well with a 78% decrease in reactive oxygen species (ROS). Also, irradia-
tion up to 0.5 kGy enhanced the total phenolic content in black and yellow soybeans.
The flavonoids, particularly daidzein, showed an increase at radiation doses of 0.25,
0.5, and 1.0 kGy in black soybeans, and at 0.25 and 0.5 kGy in yellow soybeans. The
rise in total phenolic and anthocyanin content in irradiated soybeans was attributed
to an enhancement in the activity of enzymes like flavonoid glucosyltransferase
and phenylalanine ammonia-lyase or to the cleavage of glycosidic linkages in bound
procyanidins, leading to their free monomeric form.

Medium doses of y-radiation have been shown to have a positive effect on the
antioxidant potential of seeds that, in turn, combats the free radical-induced lipid
and protein oxidation, thus minimizing off-flavor production [35, 44, 49]. Kumari
and co-workers [36] revealed that y-irradiation at 2.0 kGy dose improved the
protein quality of soybeans by reducing protein oxidation and increasing protein
solubility. The report indicated a 37% reduction in protein oxidation, as measured
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by the carbonyl number, in black soybeans and a 28% reduction in yellow soy-

beans. They noted that increasing the radiation dose to 5 kGy resulted in elevated
protein oxidation levels, similar to those of untreated soybeans. Further, was noted
that y-irradiation up to a 5 kGy dose reduced the activity of LOX isozymes, which
improved protein quality by limiting interactions between lipid hydroperoxides and
proteins. Additionally, y-irradiation up to a 5 kGy dose increased free radical scaveng-
ing activity, as assessed through the DPPH assay. However, the FRAP values increased
up to a radiation dose of 2 kGy and decreased beyond that point.

Tocopherols, found abundantly in plant-derived lipids, are the most prevalent
natural antioxidants, acting as sacrificial guardians for the lipid components within
seeds. In the autoxidation process, they function as chain-breaking antioxidants by
capturing free radicals, thus effectively thwarting the initiation and halting the prop-
agation of oxidation. Braunrath et al. [50] observed significant reductions in perox-
ides and hydroperoxides when 8- and y-tocopherols were present. Contrastingly, Yun
etal. [51] noted that soybeans treated with y-irradiation at doses of 5.0 and 10.0 kGy
displayed a substantial decline in a-tocopherol, with decreases of 24.3% and 35.4%,
respectively. However, Dixit et al. [52] discovered that there were no alterations in
the overall tocopherol content in soybeans across the entire range of y-irradiation
doses, which included values from 0.5 to 5 kGy. The decrease in tocopherol content
in irradiated oil is believed to be associated with the degradation of these antioxidant
compounds that take place during the irradiation process.

Minami and co-workers [53] have shown that y-irradiation, even up to 80 kGy, had
no impact on the quantity of unsaturated or saturated fatty acids in soybeans. This
phenomenon is attributed to the ample presence of antioxidants, such as tocopherols
and carotenoids, in soybeans. These antioxidants effectively scavenge the radicals
generated by y-irradiation. Similarly, in a study by Hafez and colleagues [54], it was
noted that no alterations were detected in the fatty acid composition, which included
C16:0, C18:0, C18:1, and C18:2, in soybean oil. This observation remained consistent
even when exposed to relatively high doses of y-irradiation, up to 100 kGy. However,
a negative correlation was established between the concentration of linolenic acid
and the applied radiation dose. Aziz et al. [55] observed that y-irradiation led to a
reduction in the acid values of cereal fats, with the effect becoming more pronounced
with the increment in radiation dose within the range of 5-15 kGy. The decrease in
acid values can be ascribed to the formation of free radicals during irradiation, which
impacts the unsaturated fatty acids in the oil, leading to the production of hydroper-
oxides and peroxides, as described by Mahrous [56].

Mexis and Kontominas [57] and Bhatti and group [58] found a significant increase
in the peroxide value of oils obtained from irradiated almonds and peanuts as the
y-irradiation dose increased. The decrease in the iodine value of oils can be con-
nected to the formation of peroxide compounds and the saturation of double bonds
in unsaturated fatty acids, induced by irradiation. Bhatti and co-workers [59] noted a
noticeable decline in the iodine value for y-irradiated peanuts.

2.3 Anti-nutritional factors

Leguminous seeds’ protein content makes up 20% of the total plant-based protein
consumption in humans [60]. Nonetheless, specific legumes, particularly soybeans,
contain substantial amounts of bioactive compounds that can modify the way
nutrients are processed in the body upon consumption. The primary proteins that
contribute to the reduction in the nutritional value of unprocessed soybeans are lectin
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and trypsin inhibitors. However, it’s important to acknowledge that other naturally
occurring compounds can also contribute to the observed adverse effects. To mitigate
losses during the harvest and storage of these grains, the use of ionizing radiation
presents itself as an appealing and health-conscious alternative when compared
to conventional chemical treatments. The application of ionizing radiation for the
purpose of preserving and sanitizing grains offers a promising strategy to extend
shelf life and minimize losses during storage. The anticipated costs and benefits
associated with commercial radiation treatment appear to be competitive when
compared to other fumigation techniques, as well as thermal and physical treatment
methods. Abu-Tarboush [61] reported a 34.9% reduction in trypsin inhibitory activity
in soybean flour was assessed after exposure to a y-radiation dose of 10 kGy. Similarly,
Farag [62] found that as radiation doses increased (5, 15, 30, and 60 kGy), with the
increment in radiation dose, the degree of inactivation of trypsin inhibitory activity
also rose, leading to losses of 41.8%, 56.3%, 62.7%, and 72.5%, respectively. In the
research conducted by Villavicencio et al. [63], it was noted that in the Carioca vari-
ety, the tannin concentration remained unchanged during soaking and cooking, while
in the Macacar variety, it showed an increase. In contrast, Mechi et al. [64] reported
a decline in tannin content in black beans when subjected to y-radiation combined
with the cooking process. Amaya et al. [65] proposed that the decrease in tannin
content due to cooking is evident and is linked to alterations in chemical and solubil-
ity reactivity. This decrease can be attributed to various factors, such as interactions
with organic substances, proteins, and modifications in their chemical structure, as
suggested by Brigide and Canniatti-Brazaca [66]. Furthermore, it was observed that
y-radiation resulted in a reduction in tannin content as the radiation dose increased,
up to a certain threshold. This decrease in tannin content is particularly advanta-
geous, as tannins are recognized as antinutritional factors that can hinder protein
digestibility [63, 64]. When the tannin-to-protein ratio reaches 5:1, all the protein
tends to precipitate due to the action of tannins, as explained by Pino and Lajolo [67].
Therefore, these findings indicate that, concerning antinutritional factors, their levels
decreased with higher radiation doses in cooked and raw samples, with the cooking
process itself also contributing to the decrease in these antinutritional factors.
y-irradiation has been demonstrated to enhance the nutritional quality of soy-
beans by reducing anti-nutritional components, including phytic acid, trypsin inhibi-
tors, lipoxygenase, oligosaccharides, tannins, urease 3, and haemagglutinating agents,
[62, 68, 69]. Currently, there are over 51 countries, China included, have officially
approved the use of y-irradiation in food processing, typically at an average dosage of
10 kGy [70]. A joint study group by FAO/TAEA/WHO has reported that y-irradiation
at doses exceeding 10 kGy remains safe and maintains nutritional adequacy [6].
Therefore, it is plausible that the application of high-dose y-irradiation could serve
as an effective approach to improve the quality and safety of fungus-contaminated
soybeans intended for animal feed. Soybean seeds inherently contain three lipoxygen-
ase enzymes, which can impart undesirable beany or grassy flavors. The elimination
of these lipoxygenases is a method to enhance the stability and taste of soybean oil
and protein products. Additionally, the presence of phytic acid and its mineral deriva-
tives, phytates, creates nutritional and environmental challenges due to their limited
digestibility in monogastric organisms. As a result, there has been a substantial rise
in endeavors to grow crops with lower phytic acid content. Soybean varieties created
through y-radiation-induced mutations have shown enhanced nutritional qualities
owing to their reduced phytate levels along with the reduced lipoxygenase enzyme
activity in their seeds [71, 72].
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2.4 Allergen

Soybean is a protein-rich food (besides having nutritious fiber, fatty acids, vita-
min, minerals etc.) consumed globally. Additionally, it also contains anti-nutritional
factors, like agglutinin, protease inhibitors, and allergenic proteins that elicit adverse
immune responses, which significantly hamper its nutritional and functional profits.
Most of the allergens in soybean are proteins and more than 33 allergens have been
characterized so far [73], which influenced around ~0.5% of the general population
globally [74]. It affects 0.4% children in USA [75] and its mild symptoms usually
appear up to 2 years, however, severe immune responses may persist the whole life
[76]. Soyben-induced allergic reactions (allergenicity) have a wide impact on the
skin (dermatitis, eczema, urticaria, acne etc) respiratory system (asthma, bron-
chospasm, dyspnea, edema, Rhinitis wheezing etc.), gastrointestinal tract (colitis,
enterocolitis, bowel disease, vomiting etc.) and other prominent symptoms like
conjunctivitis, lethargy etc. [76]. Soybean is 8th most common food allergens and
become a public health problem globally for its manufacturers as well as consumers
[77, 78]. In soyaben allergic patients, its value ranges from 0.0013 to 500 mg, provok-
ing mild to severe immunogenic response [79, 80]. So far, various allergens belonging
to the cupin super-family, [81], have been identified from molecular weight ranging
from 7 kDa (Gly mla, Hull protein) to 75 kDa (o’ Subunit of p-conglycinin) [76],
provoking immunogenic responses in human [79] as well as various animals [82].
Among them, Glycinin and p-conglycinin are widely studied allergens [82, 83].

Major allergenic proteins include Gly m 1 to Gly m 8, Gly m Bd 28 K(P28), Gly m
Bd 30 K(P34), [84, 85], Gly m Bd 60 K [86], and the Kunitz soybean trypsin inhibitor
(KSTI, 20 kDa), [87] were detected in soybean allergic patients. Glym 1 (~ 8.3 kDa,
hydrophobic protein) and Gly m 2 (~ 8 kDa, defense protein) are considered as hull
proteins [88] due to their location in soybean hull and accounts for their 75% and
25% allergenicity respectively [89]. Gly m 3 (~ 14 kDa, hydrophilic protein) is from
profilin and labile to heat and hydrolysis [90]. Gly m 4 (~17 kDa, hydrophilic, and
pathogenesis related protein), is susceptible to heat, acid, proteases, and found as
protein isolates [91]. P34, P28 and Gly m 5 (B-conglycinin, ~ 150 to 210 kDa) are
derivatives of 7S globulin and constitutes ~30%, Gly m 6 is a hexameric protein origi-
nate from 11S globulin, comprises ~40%, [92, 93], Gly m 7 (~ 76.2 kDa, biotinylated
protein) is abundant in seed embryo, heat stable, and comprises <0.01% [75], and Gly
m 8 (~ 28 kDa) derivative of 2S albumin comprises 10% of the total soybean protein
[94]. Furthermore, Gly m Bd, P34 (~ 30 kDa, anchorage vacuole protein) comprises
~1% [85, 95], and Gly m Bd, P28, (~28 kDa, glycosylated protein) comprises <0.5%
of total seed protein [95, 96]. Soybean allergenicity is an IgE-mediated immune
response, devoid of immunologic and clinical lenience resulting in clinical symptoms
and pathological manifestations [97]. In continuation, Gly m 4, Gly m 5 and Gly m
6 provokes robust immune response in soybean-allergic patients [98]. Gly m 5 and
Gly m 6 soybean allergens comprising 30% and 40% of the total soybean protein
respectively [99] and are easily identifiable in almost every pediatric patient [100].
Schematic representation analyzing impact of low and high doses of y-irradiation on
various pathophysiological aspects of soybean allergenicity, nutrients and intrinsic
physiochemical properties is summarized in Figure 2.

y-irradiation are primarily used for increasing food shelf-life by abolishing the surface
pathogens; however, variable doses and combination of other factors later resulted in
augmented additional microbes destruction and marked decrease in protein loss dur-
ing food storage as well as reduced allergenicity [101]. Food exposure to y-irradiation
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Figure 2.

Sc%ematlc representation of various pathophysiological aspects of soybean allergen, and risks as well as benefits
associated with the use of y-irradiation on intrinsic properties of soybean. Cobalt-60 (**Co) and Cesium-137
(" Cs) are major radioactive atoms producing gamma radiation, which alters the conformation of soybean
allergen protein and, thus, masks the exposed antigenic epitope responsible for its augmented allergenicity
contributing to clinical symptoms and pathological manifestations healthwise. The recommended dose of
y-irradiation is 0.5-10 kGy masks the soybean allergenicity, and microbial infection as well as increases the shelf
life and nutrient quality. The higher dose of y-irradiation (10 kGy—400 kGy) induces a change in secondary
structure provoking several disadvantages by alteving soybean nutrients, constituents, and various intrinsic
properties. AAs: Amino acids UFAs: Unsaturated fatty acids, ANFs: Anti-nutritional factors.

involves production of low energy electron (p-particle) below 5 MeV from radioactive
atoms ®°Co or **'Cs, during radioactive decay [9], and modulates protein conformation
structurally, resulted in masking of exposed epitopes in allergen protein, thus, reduced
adverse immune response or allergenicity [10]. However, factors affecting reduced
allergenicity depend on its types, exposure times and doses. ®°Co involves simultane-
ous generation of two y-rays (1.17 and 1.33 MeV) and low energy p-particle (0.3 MeV),
while "¥Se produces y-rays of energy 0.66 MeV with maximum penetration at same dose
[6, 9]. Study suggests no change in allergenicity upon 25 kGy irradiation dose of *°Co

y- exposure on raw kidney bean or black gram seeds [102], and on soybean seeds upon
multiple exposure ranging from 2.5 to 30 kGy radiation [103]. Same group also found
that co-administration of y-irradiation (25 kGy) and boiling at 121°C for 15 minutes
remarkably suppressed the immunogenicity of soluble and insoluble allergens in kidney
bean and black gram seeds against untreated control condition [102]. Another study
suggests that y-irradiation <= 5 kGy administration to soybean protein solution exposed
the conformational and linear epitopes of allergen proteins, thus, augments its immuno-
genecity and y-irradiation > = 10 kGy suppressed the immunogenicity by 91% compared
to control by inducing the protein-degradation or aggregation cellular event masking the
conformational epitopes responsible for allergenicity [27, 28]. Collectively, the immono-
sensitivity of soybean allergen proteins depends on the state of its conformational
changes induced by y-irradiation and additional processing factors; however, its clinical
execution warrants further in-depth research.
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3. Effects of y-irradiation in reducing microbial contamination load in
soybean

Soybean stands as one of the most vital grains globally, yet fungal infections
are an inevitable challenge in its cultivation and storage. Pathogens like Fusarium,
Alternaria, and Phomopsis inflict substantial damage on the quality and market value
of soybeans [104]. Because of the existence of fungi that produce toxins, soybeans
afflicted by fungal damage are unfit for human consumption. Interestingly, these
fungi-damaged soybeans boast higher protein content and a comparable amino acid
composition to their uninfected counterparts [105]. Consequently, certain portions of
these fungi-affected soybeans have been repurposed as raw materials for animal feed
by blending them with healthy soybeans [104]. Nonetheless, they quite pose risks
to animals. Hence, the elimination of fungi and mycotoxins becomes of paramount
importance. y-irradiation has emerged as a secure and efficient physical approach for
decontaminating microbes (Figure 1), controlling pests, and enhancing the quality of
both unprocessed and processed agricultural products [106]. Research has provided
evidence that y-irradiation at moderate doses, typically ranging from 8 to 10 kGy, can
completely eliminate bacteria and fungi from oilseeds while preserving their chemical
composition [59, 107]. Moreover, high-dose y-irradiation (10-30 kGy) has proven
effective in reducing mycotoxins, including T-2 toxin, aflatoxins, zearalenone, och-
ratoxin, and deoxynivalenol, produced by specific fungal strains in food crops [108,
109]. It’s important to note that higher irradiation doses lead to a more comprehensive
degradation of mycotoxins. Moreover, y-irradiation has demonstrated its effective-
ness in decreasing the ruminal degradability of soybean protein and enhancing in
vitro crude protein digestibility [69].

y-irradiation has demonstrated its effectiveness for controlling fungal growth and
deactivating mycotoxins, which are highly toxic substances. Given the severe health
risks associated with mycotoxins, various methods have been employed to eliminate
their presence in various food products. The application of ionizing radiation treat-
ment has been well-established as an effective physical method for preserving the
quality of food and prolonging the shelf life of agricultural products, including
soybeans [110, 111]. Aflatoxins are renowned secondary metabolites generated by
fungi including Aspergillus nomius, Aspergillus parasiticus, and Aspergillus flavus [112].
The sources of these fungi have been linked to groundnut meal contaminated with
aflatoxin-producing fungi, which is commonly used in animal feed [113]. Given their
virulence, carcinogenicity, mutagenicity, and teratogenicity, AFs are regarded as
highly hazardous substances that pose risks to animal and human health [114, 115].
Among the 20 different types of aflatoxins, including AFB1, AFB2, AFG1, and AFG2,
are frequently detected in various food products [116].

AFs exhibit remarkable resistance to heat treatment, as their decomposition
temperature exceeds 235°C [117-119]. As a result, conventional drying methods
alone do not lead to a substantial reduction in their concentrations in stored grains.
However, prolonged exposure to elevated temperatures seems to have a beneficial
impact on decontamination. For instance, subjecting soybeans to heat treatments
at 100°C and 150°C for 90 minutes resulted in notable reductions of AFB1 contents
by 41.9% and 81.2%, respectively [120]. y-irradiation has proven to be effective
in decreasing both fungal contamination and AFB1 concentration in naturally
infected corn kernels. y-irradiation doses in the range of 1 to 10 kGy have resulted
in mycotoxin level reductions ranging from 69.8% to 94.5%, respectively [121,
122]. Additionally, for wheat, rice and corn kernels, doses of 4, 6, and 8 kGy have
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proven effective in reducing AF levels by 15-56% with increasing doses [123]. In
the case of soybeans, doses exceeding 10 kGy have shown utility in AFB1 reduction
[124]. Ozone treatment has shown remarkable efficiency in the destruction of AFs,
achieving reductions of up to 66-95% of the original toxin levels in cereal flours,
grains, soybeans, and peanuts [125-127]. While Hooshmand and Klopenstein

[108] found that y-irradiation doses up to 20 kGy did not have a notable impact

on the AFBI content in soybeans, corn, and wheat. y-irradiation reduced the yeast
and mold populations in soybeans, with yeast and mold becoming undetectable

at doses exceeding 5.0 kGy. The application of a 3.0 kGy dose of y-irradiation
effectively lowered the aerobic bacterial populations in soybeans to a level that met
acceptable standards from 5.77 x 10° to 1.2 x 10° CFU/g [51].

Furthermore, in the study by Wilson et al. [104], a positive correlation was noted
between the fat content of soybeans and fungal damage, which they attributed to a
decrease in seed mass. Dogbevi et al. [128] demonstrated that y-irradiation at 1.5 kGy
led to a reduction in the mold population in dry red kidney beans by a factor of 2
log cycles. Additionally, y-irradiation at doses of 1.0, 3.0, 5.0, and 10.0 kGy resulted
in significantly lower counts of total aerobic bacteria in soybeans compared to the
control. The counts of mold and yeast in soybeans were also reduced by irradiation,
with no presence of yeast or mold in soybeans exposed to doses of 5.0 and 10.0 kGy.

4. Risks associated with high dose y-irradiation on soybean nutrients

So far, we have unraveled numerous beneficial impacts of recommended low
dose y-irradiation (0.5 to 10 kGy) in reducing the soybean microbial contamination,
allergenicity, ANFs as well as increasing nutrient composition, flavor, shelf-life,
anti-oxidant, and ROS scavenging activities. Impact of various doses of y-irradiation
also depends on the soybean state (seed, flour, protein solution, flavor, etc.) and its
intended use. Numerous studies suggest a high dose of y-irradiation (>10 to 400 kGy)
exerts significant deleterious effects on soybean nutrients, protein conformation,
and various intrinsic properties. Increased y-irradiation using ®*Co induce changes
in the secondary structure of protein and exposes hydrophobic amino acids, thus,
increasing protein insolubility and a simultaneous decrease in its emulsifying ability
and reduced vitamin-E level was observed [21, 22]. A similar dose further decreases
a-tocopherol (an anti-oxidant) by 35.4% compared to the control, increases ROS
(hydroperoxide and peroxide) generation [56], as well as proanthocyanidins [46].
Very high radiation dose (400 to 1200 kGy of y-irradiation) significantly induces the
soluble dietary fiber constituent in soybean [34]. In continuation, a dose-dependent
increase in soybean trypsin inhibitor activity has been demonstrated by Farag [62].
While y-radiation can deactivate trypsin inhibitor (TI), an antinutrient and food
allergen in soybeans, but its effectiveness depends on moisture levels. In an aque-
ous solution, TI is almost completely destroyed at 10 kGy irradiation of Cobalt-60.
However, in a dry state or with 50% moisture, significant functional and structural
losses occurs at higher doses (100 kGy and 30 kGy, respectively). Surprisingly, TI
remains unaffected in other legumes, as well as in soaked and dry soybean seeds, even
at substantial irradiation doses (50 kGy and 100 kGy respectively). Hence, TI is stable
to direct gamma radiation, and its inactivation at lower doses requires excess mois-
ture. Using gamma radiation to reduce TT in dry or soaked seeds would necessitate
high doses that could impact its sensory and functional propertie [129]. Interestingly,
the impact of y-irradiation on soybean allergenicity is diverse as demonstrated by
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increased allergenicity at <5 kGy [102] and decreasing allergenicity at >10 kGy [27,
28] by unmasking and masking of linear epitopes of allergen proteins respectively.
Increased y-irradiation (>10 to 30 kGy) dose is also associated with reduced fat,
protein, lipase, and anti-oxidant enzyme activities in soybean as reported in previous
sections.

5. Conclusion

Irradiation, a cost-effective and environmentally friendly non-thermal food pro-
cessing technology, is widely employed in the food industry. It has been found to have
various benefits, such as reducing food allergens and effectively eliminating insects,
molds, and bacteria. Additionally, it aids in reducing the presence of detrimental
compounds such as biogenic amines and substances that hinder nutrient absorption
in food. When used at appropriate doses, y-irradiation does not adversely affect the
physical, chemical, nutritional, or sensory qualities of food products. For instance,
y-irradiation doses of up to 10 kGy have been shown to have a minimal adverse impact
on the natural physicochemical properties, nutritional value, and flavor of soybean
oil. Studies indicate that a gamma irradiation dose of 10.0 kGy is a successful method
for inhibiting microbes’ infestation and decontaminating soybean seeds. Moreover,
y-irradiation at these doses increases isoflavone content while reduces tocopherol
contents and the compounds responsible for flatulence (RFOs). At moderate radiation
doses ranging from 8 to 10 kGy, gamma irradiation can entirely eradicate bacteria and
fungi in oilseeds while leaving their composition unaffected. Assessments based on
sensory criteria have shown that soybeans subjected to irradiation remain satisfactory
even at doses as high as 5.0 kGy. Low-dose y-irradiation appears to enhance the total
phenolic content and increase proanthocyanidins, contributing to improved anti-
oxidant activity. Furthermore, high-dose y-irradiation (10-30 kGy) has been shown
to reduce mycotoxins, including aflatoxins and other toxins produced by fungal
infections.

y-irradiation has the added benefit of enhancing the nutritional quality of soy-
beans by reducing anti-nutritional components, such as phytic acid, trypsin inhibi-
tors, lipoxygenase, oligosaccharides, tannins, urease 3, and hemagglutinating agents.
It’s important to highlight that when it comes to reducing the allergenic properties
of soybeans, using gamma irradiation at doses lower than 10 kGy may not achieve
the intended outcomes. On the other hand, it has been demonstrated that employ-
ing higher doses exceeding 10 kGy can effectively diminish the allergenic properties
of soybean protein solutions. High doses of y-irradiation (> 10 kGy) significantly
impact soybean nutrients (reduced fat and protein content) and intrinsic properties
(like reduced anti-oxidant, lipase activity, increased UFA, ANFs, etc.). In summary,
y-irradiation is a valuable tool in the soybean food industry, offering multiple benefits
such as microbial decontamination, enhanced shelf-life, nutritional quality, flavor,
and improved safety, with effectiveness and outcomes depending on the specific
dose, duration, and other cotreatments (like temperature, pressure, micropulveriza-
tion, enzyme catalysis, etc.) applied.
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Abstract

Studying the impact of gamma radiation in conjunction with the LCs, of the
entomopathogenic fungi on a few biological characteristics of Galleria mellonella
(L.) larvae was the goal of the current work. The effects of single doses of gamma
radiation (70, 100, 125, and 150 Gy) given sequentially or combined with the LC50 of
specific entomopathogenic fungi (Beauveria bassiana, Paecilomyces lilacinus) against
the Greater wax moth. The first generation (F;) of G. mellonella was examined for its
larval pupal period, pupation percent, sex ratio, and adult survival percent. Gamma
irradiation and LCsy of combined treatments of Beauveria bassiana and Paecilomyces
lilacinus prolonged the larval-pupal period, while pupation, adult emergence, survival
and sex ratio were lower in the combined treatment than in either treatment alone
get more. The combined treatment was greater than either, in the case of fungal or
irradiation treatment alone.

Keywords: entomopathogenic fungi, galleria mellonella, gamma irradiation, gamma
rays, larvae

1. Introduction

One of the most obnoxious and significant wax pests in the world is the greater
wax moth (GWM), Galleria mellonella L. (Lepidoptera: Pyralidae) [1-4]. In its larval
stage, this larva badly harms comb wax by feeding on it. When bees neglect to tend to
combs, the wax moth larvae severely damage them. Attacks are possible on combs in
weak or dead colonies and storage spaces [5, 6]. The generations of virulent strains for
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target pests and their usage as biological control agents have attracted a lot of research
attention [7, 3].

Scientists have given entomopathogenic fungi, which infect insects, a lot of
thought because of their potential for biological pest control. While certain insect
pathogenic fungus has narrow host ranges, others, including Beauveria bassiana and
Paecilomyces lilacinus, have broad host ranges [8].

Entomopathogenic fungi (EPFs) are one of highly specialized microorganisms
that could infect and grow on arthropods [9]. EPFs such as Beauveria bassiana and
Metarhizium anisopliae are widely used in the control of several insects [10]. Beauveria
bassiana (Balsamo) (Ascomycota: Hypocreales: Clavicipitaceae) is a common fungus
with effects on a wide variety of insect species and is used as a biological pesticide
[11]. Several studies have been published on the efficacy of EPF against G. mel-
lonella [12].

The pathogenicity of the fungi against the tested larvae was increased by gamma
irradiation. The two control methods may be combined to effectively eliminate the
insect pest, especially in storage [1, 13].

The aim of the current work, study the effect of gamma irradiation in combination
with LCs, of entomopathogenic fungi on some biological aspects of the 2nd instar
larvae of Galleria mellonella (L.)

2. Materials and methods
2.1Insect rearing and irradiation process

The greater wax moth, G. mellonella larvae were obtained from infested hives and
reared in the Nuclear Research Center (NRC), Egyptian Atomic Energy Authority
(EAEA), Egypt, Anshas area, the bio-insecticide Production Unit, Plant Protection
Research Institute, Agricultural Research Center, Giza, Egypt. G. mellonella larvae
reared on the artificial diet at a constant temperature of 30°C and 65 + 5% relative
humidity (R.H) according to ref. [14]. The irradiation process was performed using
cobalt-60 gamma cell 220 located at Cyclotron project, Nuclear Research Centre,
Atomic Energy Authority (Anshas). The dose rate was 0.926 kGy/hour during the
experiment. Full-grown pupae of G. mellonella were exposed to four doses 70, 100,
125, and 150 Gy to study the effect of irradiation on some biological aspects of F;
progeny descendant of irradiated parental male and female pupae.

Ten larvae resulting from irradiated parental males and females and transferred to
clean small plastic containers and allowed to feed on an artificial diet, each treatment
was replicated five times. Dead larvae were counted. The larval and pupal period,
pupation, adult emergence, sex ratio, Adult survival percentage, and the resulting
progeny (F;) were determined as well.

2.2 The experimental media

Culture media were adjusted by the addition of: —10 pg/ml Dodine, 100 pg/ml
Chloramphenicol, 50 pg/ml Streptomycin and 32.5 g SDA (sabouraud dextrose agar)
in 500 ml distilled water “Dodine media” [15].

Chloramphenicol, thiabendazole and cycloheximide (CTC) medium consisting
of CDA supplemented with 0.5 g/l chloramphenicol and 0.25 g/l cycloheximide) and
0.002 g/l thiabendazole [16].
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2.3 Isolation of the entomopathogenic fungi

The entomopathogenic fungal, Paecilomyces lilacinus isolates from soils and the
entomopathogenic fungal, Beauveria bassiana isolates from dead insects [17].

2.3.1 Identification of the fungal isolates

The fungal colonies arising on the plates were purified. The purified cultures
grown on CDA and SDA (sabouraud dextrose agar) media were identified at
Mycological Center (AUMC), Assiut University, Egypt.

The strain numbers for the B. bassiana was (AUMC 9894) and strain numbers for
the Paecilomyces lilacinus was (AUMC 9884).

2.4 Bio efficacy of Entomopathogenic fungi against G. mellonella 2nd instar larvae

To ascertain whether the most virulent isolate of fungi is pathogenic to G. mellonella
larvae, According to ref. [1], the second instar larvae were each submerged for 30 sec-
onds in nine ml of various spore concentrations from the fungal isolates. Larvae were
dipped into a 0.02% Triton X-100 solution as the control treatment [18]. After that,
the treated larvae were put one by one in little plastic containers and given an artificial
food to consume. All treated larvae were incubated for 12 hours during the photo phase
at 30°C, 65 * 5% relative humidity. Five times each of each treatment’s batches of 10
larvae were reproduced. Daily counts of dead larvae were made. According to Finney’s
approach, the median fatal concentration and time were determined [19].

2.4.1 The investigated entomopathogenic fungi’s latent effect on a few biological
features of G. mellonella

Beauveria bassiana and Paecilomyces lilacinus were utilized to estimate biological
activity in light of the high mortality rate. To investigate how Entomopathogenic
fungi affect several biological characteristics, the concentrations necessary to kill 50%
of larvae during the observation time (LCsy) were selected (Table1).

To evaluate the biological activity of G. mellonella under laboratory conditions,
four replicates of the 2nd instar larvae (20 larvae for each) were dipped into 9 ml of
LCsy of the tested entomopathogenic fungi (B. bassiana and P. lilacinus) for 30 sec-
onds. Then treated larvae were placed individually in small plastic containers and
allowed to feed on the semi-synthetic diet. For the control treatment, larvae were
dipped into 0.02% Triton X-100 solution Dead larvae were counted daily. Growth

Fungal isolates Lcso Lcgs conidia/ slope X2 Pvalue
conidia/ml ml

Beauveria 1.2 x 10° 1.9 x 108 0.2620 + 0.0305 13.15 0.001

bassiana

Paecilomyces 23x10° 4.3 x 10" 0.2064 + 0.0299 04.30 0.120

lilacinus

"Expressed as the LCsy, LCos, and slope of toxicity regression lines after 10 days of dipping in different concentration.

Table 1. .
Virulence of fungal isolates against 2nd instar larvae of G. mellonella.
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parameters, namely larval — pupal period, pupation, adult emergence, sex ratio and
survival (%) were recorded.

2.4.2 Effect of entomopathogenic fungi and gamma irvadiation on some biological
aspects of G. mellonella

To investigate the combined affects of gamma irradiation with the (LCso) of
various Entomopathogenic fungi (B. bassiana and P, lilacinus), three dose levels of
gamma irradiation (70, 100, 125) were used. Three experimental groups were set up
to explore the influence on some biological characteristics of G. mellonella. The first
group was made up of the 70, 100, and 125Gy-irradiated F, larvae offspring of the
irradiated Parental females as fully formed pupae. The second group was made up
of the 70, 100, and 125Gy-irradiated full-grown pupae of F; larvae descended from
irradiated parental males. Insect males and females were utilized as a control in the
third group, which served as a parallel group of unirradiated insects.

The progeny of F; larvae of each group were fed on an artificial diet till the 2nd
instar larvae, five replicates from the 2nd instar larvae (10 larvae each) were dipped
into 9 ml of LCs of the tested entomopathogenic fungi (B. bassiana and P, lilacinus)
for 30 seconds in clean small plastic containers fitted with moist filter paper and
allowed to feed on an artificial diet under laboratory condition (28 + 2°C and 65 + 5%
relative humidity). Larval and pupal period, the percentage pupation, the percentage
of adult emergence, sex ratio and the percentage of adult survival were determined.

2.5 Statistical analysis

The lethal concentration 50 was determined for established regression lines. All
data obtained were analyzed using the Analysis of Variance (ANOVA) technique and
the means were separated using Duncan’s multiple range test (P > 0.05) [20].

3. Results

The latent effect of gamma irradiation on the larval and pupal periods of F; prog-
eny descendant of irradiated parental males and females as full-grown pupae.

Figure 1 demonstrates how gamma radiation affected the larval and pupal periods
of the greater wax moth, Galleria mellonella, in F; male offspring of the irradiated
paternal males and females as full-grown pupae with four doses of 70, 100, 125, and
150 gray with an increase in dose, the average larval and pupal period lengthens

noticeably.

The larval and pupal periods of the greater wax moth, Galleria mellonella, in
F; male offspring of the irradiated paternal males rises to 41.73, 44.72, 45.80, and
47 days for the four doses, respectively with an increase in dose in comparison to
35.25 days for the control treatment. Also, the larval and pupal periods of the greater
wax moth, Galleria mellonella, in F; male offspring of the irradiated paternal females
dramatically lengthens with an increase in dose, as seen in Figure 1. Compared to
35.25 days for the control treatment, it rises to 42.27, 44.41, and 46.26 days for the
three doses, respectively.

The combined impact of Entomopathogenic fungi and gamma irradiation on the
larval and pupal periods of F; progeny descendant of irradiated parental males and
females as full-grown pupae.
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Figure 1.

The effect of gamma irradiation on the larval and pupal periods of the greater wax moth, Galleria mellonella,
in the F, male progeny of the irradiated parental males and females as full-grown pupae. Means followed by the
same letter in each curve (small letters) represent that ave not significantly different at (p < 0.05).

Figure 2 shows the impact of gamma irradiation in conjunction with the LCs, of
the entomopathogenic fungi, B. bassiana and P. lilacinus, on the average larval and
pupal period per day of G. mellonella descending of the irradiated parental males
and females. As the irradiation dose was increased, there was a significant increase in
the mean larval and pupal durations (Figure 2). The average larval and pupal period
among Fidescendant of the irradiated parental males (Figure 2, Hist. 1) significantly
increased from 36.22 days in the control treatment to 43.55, 46.33, and 48.10 days
for B. bassiana combined with the doses of 70, 100, and 125 Gy, respectively.
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Figure 2.

The effect of gamma ivradiation combined with the LCy, of the entomopathogenic fungi on the average larval
and pupal period per day of G. mellonella F, males. Hist. 1: F, male’s descendants of irradiated pavental males
at three diffevent doses: 70, 100, and 125 gray. Hist. 2: F, male’s descendants of irvadiated pavental females at three
different doses: 70, 100, and 125 gray. Means followed by the same letter in each curve (small letters) represent
that are not significantly different at (p < 0.05).
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Additionally, for P. lilacinus paired with the identical prior irradiation dosages, it
dramatically rose to 42.14, 45.21, and 46.63 days, respectively.

The effect of gamma irradiation in combination with the (LCsg) of the ento-
mopathogenic fungi, B. bassiana and P, lilacinus, is shown in Figure 2, Hist. 2 with
respect to the mean larval and pupal period of G. mellonella descending from the irra-
diated parental females. With increasing irradiation dose, the mean larval and pupal
period increased considerably. It significantly increased from 36.22 days in the control
treatment to 44.73, 47.56, and 48.70 days at 70, 100, and 125 Gy dosages combined
with B. bassiana. Additionally, it significantly increased from 36.22 days in the control
treatment to 43.27, 45.16, and 4740 days at 70, 100, and 125 Gy, respectively, when
coupled with P, lilacinus.

The impact of gamma radiation on the sex ratio of F; male’s descendant of the
irradiated parental males and females as full-grown pupae of the Greater wax moth,
Galleria mellonella.

Table 2 shows the impact of gamma irradiation on the sex ratio of F; male’s descen-
dant of the irradiated parental males and females as fully grown pupae of the greater
wax moth, Galleria mellonella. The average sex ratio through the irradiated parental
males as full-grown pupae rose. At the four doses of 70, 100, 125, and 150 Gy; it rises to
1.20, 1.33, 1.40, and 1.60, respectively, as opposed to 1.18 for the untreated control treat-
ment) however, this increase was not significant). As well as the sex ratio through the
irradiated parental males as full-grown pupae, with the dose increase, the average sex
ratio went up. At the three doses of 70, 100, and 125 Gy, it rose from 1.18 for the control
treatment to 1.40, 1.60, and 1.80, respectively) also, this increase was not significant).

The combined impact of Entomopathogenic fungi and gamma irradiation on the
sex ratio of F; male’s descendant of the irradiated parental males and females as full-
grown pupae of the Greater wax moth, Galleria mellonella.

Table 3 Demonstrated the relationship between the entomopathogenic fungi’s
(LCso) impact and gamma irradiation on the sex ratio of G. mellonella descending
from irradiated parental males and females. The sex ratio of G. mellonella descending
of the irradiated parental males reveals that it was 1.4 and 1.6 in favor of males for B.
bassiana paired with doses of 70 and 100 Gy, respectively, but was 1:1 at the dosage
rate of 125 Gy as opposed to 1.13:1.0 at the control treatment. Additionally, it rose to

Doses (Gy) Sexratio + SE
irradiated parental males as full-grown irradiated parental females as full-grown
pupae pupae
male female male female

Control (0) 118+ 0132 1 118+ 0.13a 1

70 1.20 £ 0.08 a 1 140 £ 0.08 a 1

100 133+0.09a 1 160+ 0.09a 1

125 140+ 0.18a 1 180 +0.18a 1

150 160+ 0.24a 1 118+ 0.13a 1

LSD 0.05 0.47 0.47

"Means followed by the same letter in each column (small letters) vepresent that ave not significantly different at (p < 0.05).

Table 2.
Effect of gamma irradiation on the sex vatio, of the greater wax moth, galleria mellonella, among F, male’s
progeny of the irradiated pavental males and females as full-grown pupae.
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Radiation Fungi Sexratio + SE
Doses (Gy) irradiated parental males as full- irradiated parental females as
grown pupae full-grown pupae
Male + SE Female Male + SE Female

Control — 113+ 0112 1 11+011a 1
70 Gy B. bassiana 140+ 048a 1 15+ 044a 1

P, lilacinus 133+0.27a 1 17+043a 1
100 Gy B. bassiana 160 +0.24a 1 1.0+031a 1

P, lilacinus 130+0.30a 1 12+037a 1
125Gy B. bassiana 1.00+0.31a 1 06+040a 1

P, lilacinus 120£0.20a 1 0.8+0.37a 1
LSD 0.904 1.06

"Means followed by the same letter in each column represent that are not significantly different at (p < 0.05).

Table 3.
The effect of gamma irradiation and the entomopathogenic fungi’s (LCs,) on the sex vatio of G. mellonella
descending of the irradiated parental males and females.

1.33, 1.30, and 1.20 following P. lilacinus treatment in conjunction with the identical
dosages of prior irradiation, respectively.

The sex ratio of G. mellonella descending of the irradiated parental females also
(Table 3) reveals that at the two doses of 70 Gy and 100 Gy mixed with B. bassiana,
was in favor of males (1.5 and 1.0, respectively). However, it was decreased from 1.1
in the control treatment to 0.6 with a dose of 125 Gy. At the two doses of 70 Gy and
100 Gy mixed with P, lilaceous, it also climbed to 1.7 and 1.2, respectively. At 125 Gy,
however, it decreased to 0.8. (All data in Table 3 was not significant).

The impact of gamma radiation on the percentages of pupation, emergence, and
survival of F; male’s descendant of the irradiated parental males and females as full-
grown pupae of the Greater wax moth, Galleria mellonella.

Figure 3 shows the percentages of pupation, emergence, and survival of G. mel-
lonella in F; male descendants of irradiated parental males at four different doses: 70,
100, 125, and 150 gray (Figure 3, Hist. 1). The percentage of pupation and the rise in
dosages were negatively correlated. When compared to 92% for the control treatment,
the percentage of pupation significantly drops to 78, 74, 68, and 60% at the four doses
of 70, 100, 125, and 150Gy, respectively. Meanwhile, the percentage of the F; genera-
tion’s adult emergence greatly drops for all treatments. It drops from 93.55% for the
control treatment to 82.69, 80.71, 70.23, and 56.76% at the four doses of 70, 100, 125,
and 150Gy, respectively (Figure 3, Hist. 1). Additionally, Figure 3, Hist. 1 shows that
as the dose was increased, the proportion of larvae that reached the adult stage consid-
erably dropped (% Survival). At the four doses of 70, 100, 125, and 150Gy, the survival
percentage fell to 66, 60, 48, and 34, respectively, from 86% for the control treatment.

The percentages of pupation, emergence, and survival of G. mellonella in F; male
descendants of irradiated parental females at four different doses: 70, 100, 125, and
150 gray, It has been stated in the Figure 3, Hist. 2. At the four dosages of 70, 100,
and 125 Gy, respectively, the percentage of pupation significantly decreased to 62, 54,
and 38% compared to 92% for the control treatment, while, the parental females that
received the dose of 150 Gy did not produce any offspring.
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Figure 3.

A negative association between the increase in dosages and the percentage of pupation, emergence, and survival of
G. mellonella. Hist. 1: F, males of G. mellonella descendants of irradiated parental males at four diffevent doses:
70, 100, 125, and 150 gray. Hist. 2: F, males of G. mellonella descendants of irvadiated pavental females at three
different doses: 70, 100, and 125 gray. Means followed by the same letter in each curve (small letters) represent
that are not significantly different at (p < 0.05).

At all treatments, there was a considerable reduction in the F; generation’s (F;
females’) adult emergence percentage. It drops from 93.55% for the control treatment
to 67.23, 62.00, and 58.66% for the three dosages of 70, 100, and 125 Gy, respectively
(Figure 3, Hist. 2) while, the parental females that received the dose of 150 Gy did
not produce any offspring as mentioned previously.

Additionally, a significant decrease in the percentage of larvae that reached the
adult stage (Figure 3, Hist. 2) was seen as the dose was increased. In comparison to
the control treatment, the percentage of survivorship reduced to 42, 34, and 22% at
the three doses of 70, 100, and 125 Gy, respectively.

The combined impact of Entomopathogenic fungi and gamma radiation on the
percentages of pupation, emergence, and survival of the F; males of the Greater wax
moth, Galleria mellonella descendant of irradiated parental males and females.

Figure 4 illustrates how gamma radiation and the entomopathogenic fungi’s LCso
affect the proportion of pupation, emergence, and survival of the F; males of the Greater
wax moth, Galleria mellonella descendant of irradiated parental males and females.

The effects of Entomopathogenic fungus and gamma radiation on F; males of
G. mellonella descendants of the irradiated parental males with doses of 70, 100,
and 125 Gy are explained in Figure 4, Hist. 1. With increasing irradiation dose, the
percentage of pupation was dramatically reduced, and treatments on B. bassiana
showed greater declines than those on P, lilacinus. When combined with doses of 70,
100, and 125 Gy, respectively, it significantly decreased for B. bassiana to 42, 30, and
22%, respectively, compared to 80% in the control treatment, while it significantly
decreased for P, lilacinus to 50, 38, and 28%, respectively, when combined with the
same previous irradiation doses.

Also, with increasing irradiation dose, the percentage of pupation among F; males
of G. mellonella descendants of irradiated parental males (Figure 4, Hist. 1) was
significantly reduced, and treatments on B. bassiana showed greater declines than
those on P, lilacinus when combined with doses of 70, 100, and 125 Gy, respectively,
it significantly decreased for B. bassiana to 42, 30, and 22%, respectively, compared
to 80% in the control treatment, while it significantly decreased for P. lilacinus to 50,
38, and 28%, respectively, when combined with the same previous irradiation doses.
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Figure 4.

The effected of gamma irradiation and the entomopathogenic fungi’s (LC,) on the percentage of pupation,
emergence, and the adult survival of G. mellonella. Hist. 1: F, males of G. mellonella descendants of irvadiated
parental males. Hist. 2: F, males of G. mellonella descendants of irradiated parvental females. Means followed by
the same letter in each curve (small letters) represent that are not significantly different at (p < 0.05).

In comparison to the control treatment, the percentage of adult emergence for B.
bassiana combined with doses of 70, 100, and 125 Gy was considerably reduced to 71,
63.33, and 70%, respectively. Additionally, for P. lilacinus paired with the identical
prior irradiation dosages, it significantly decreased to 75, 70, and 63.33%, respectively
(Figure 4, Hist. 1).

Figure 4, Hist. 1 also shows that as the irradiation dose was increased, the pro-
portion of survival fell. In comparison to the control treatment, it was significantly
reduced, dropping to 30, 20, and 16% for B. bassiana paired with dosages of 70, 100,
and 125 Gy, respectively. Additionally, for P. lilacinus treatment paired with the same
prior irradiation dosages, it significantly decreased to 38, 26 and 18%, respectively.

The percentage of pupation, emergence, and adult survival of G. mellonella
descended from irradiated parental females is shown in Figure 4, Hist. 2 to be
affected by gamma irradiation and the entomopathogenic fungi’s (LCsy). The percent-
age of pupation was significantly decreased with the increasing irradiation dose. It
significantly decreases to 36, 22 and 16% with the three doses 70, 100 and 125 Gy
combined with B. bassiana respectively, compared to 80% in the control treatment.
Also, it significantly decreased to 46, 26 and 20% with the three doses 70, 100 and
125 Gy combined with P, lilacinus respectively.

Additionally, Figure 4, Hist. 2 shows that for all treatments in B. bassiana and
P, lilacinus, the percentage of emergence decreases when the irradiation dose is
increased. In comparison to the control treatment, it considerably dropped from 95%
to 64.33, 73.33, and 60.00% at the three doses of 70, 100, and 125 Gy coupled with
B. bassiana, respectively. While it significantly decreases from 95% in the control
treatment to 74.00, 65.00, and 53.000% at the three dosages of 70, 100, and 125 Gy
coupled with P. lilacinus, respectively.

Also, Figure 4, Hist. 2 shows that as the irradiation dose are increased, the
percentage of adult survival decreases and it decrease more in B. bassiana than in
P, lilacinus. When joined with B. bassiana at the three doses of 70, 100, and 125 Gy,
it was significantly reduced from 76% in the control treatment to 24, 16, and 10%,
respectively. While at the three doses of 70, 100, and 125 Gy joined with P. lilacinus, it
significantly decreases to 34, 18 and 14%, respectively.
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4. Discussions

Studies have been done on the biological activity (larval and pupal period, pupa-
tion, adult emergence, sex ratio, and survival) of G. mellonella second instar larvae fed
with LCso amounts of B. bassiana and P. lilacinus. According to the data, the entomo-
pathogenic fungi’s LCs, significantly lengthened the larval and pupal stages compared
to the control. These findings support those of ref. [21]. The screening of isolated fun-
gi’s crude extracts for G. mellonella was acknowledged in 2012. Different fungal crude
extracts of isolates were used, with varying effects on the percentages of larval and
adult mortality. The Siwa and El-Farafra isolates of Beauveria bassiana had an impact
on G. mellonella larvae, causing total mortality percentages of 82.48 and 74.22%,
respectively, in comparison to the control treatment of 0%. The results showed that B.
bassiana (El-Farafra and Siwa Oasis isolates) had a substantial impact on G. mellonella
(larval and pupal weights). With increasing B. bassiana crude extract content, the
percentage of larval mortality rose (El-Farafra and Siwa isolates). Similarly, ref. [22]
discovered that B. bassiana dramatically shortened the S. litura larval period, and that
this shortened period was observed in treated larvae of the second and fourth instars.
Additionally, the LCs of B. bassiana and P, lilacinus decreased G. mellonella pupa-
tion, adult emergence, and the percent survival. Similar to that, the current experi-
ment supports [23] findings that B. bassiana at 10° conidia /ml reduces G. mellonella
pupation and adult emergence to 20 and 13.33%, respectively. Additionally, ref. [24]
discovered that B. bassiana caused the least amount of pupation and adult emergence
of . litura at spore concentrations of 2.4 x 10’ and 2.4 x 10* conidia/ml, respectively.
In contrast, ref. [23], who noted that when G. mellonella larvae in their fourth instar
were treated with B. bassiana, the male to female ratio was higher. The sex ratio of the
F; progeny was also biased in favor of the males. In their studies on Spodoptera litura
in 2002, ref. [25] found that the sex ratio was biased in favor of males. Our findings
demonstrated that the combined effect decreased the percentage of pupation, adult
emergence, and survival; it also lengthened the larval and pupal duration. The F; gen-
eration’s gender ratio likewise shifted more in favor of males. The results of the current
investigation showed that gamma irradiation and entomopathogenic fungi worked
together to produce effects that were more notable than any of them working alone.
The effectiveness of B. bassiana increased, especially when the gamma irradiation dose
was increased, where no adults were produced with both the fungal concentrations
and 150 Gy gamma irradiation dose, according to ref. [23] study using B. bassiana at
10* and 10° spores per milliliter combined with different doses of gamma irradiation
(50, 100, and 150). According to ref. [1] gamma irradiation increased the fungi’s
pathogenicity toward the studied larvae. The two pest-control instruments working
together could effectively eliminate insects, especially in storage. Ref. [3] Investigated
the effectiveness of Beauveria bassiana (Biovar), Trichoderma album (Biozed), and
Metarhizium anisopliae (Bioranza) on Galleria mellonella (L.) greater wax moth larvae
(Lepidoptera: galleriidae). They stated that some biological characteristics of Galleria
mellonella larvae are significantly impacted by the three tested biocides.

5. Conclusions

In general, the results indicated that females were more radiosensitive to gamma
irradiation than males. The F; progeny resulting from the irradiated full-grown male
pupae was more sterile than the irradiated P; males and the F; males were usually
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more sterile than the F; females. The entomopathogenic fungi, B. bassiana and P
lilacinus were the most virulent isolates causing the highest adult longevity against
2nd instar larvae of Galleria mellonella and had the lowest LCs, values. Full-grown
male and female pupae irradiated with different doses of gamma irradiation (70,
100, 125 and 150 Gy) showed delayed effects on the different biological aspects of G.
mellonella females were more radiosensitive than males. The sterilizing dose for males
was above 150 Gy, while the sterilizing dose for females was 150 Gy.

The second instar larvae of Galleria mellonella descending of the irradiated
parental male or female pupae with 70, 100 and 125 Gy then treated with the LCso
of B. bassiana and P. lilacinus adversely affected on the different biological aspects.
The combined treatment was greater than either, in the case of fungal or irradiation
treatment alone.
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