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Abstract: Naturally occurring radionuclides can be categorized into two main groups:
primordial and cosmogenic, based on their origin. Primordial radionuclides stem from the
Earth’s crust, occurring either individually or as part of decay chains. Conversely, cosmogenic
radionuclides originate from extraterrestrial sources such as space, the sun, and nuclear
reactions involving cosmic radiation and the Earth’s atmosphere. Gamma-ray spectrometry is
a widely employed method in Earth sciences for detecting naturally occurring radioactive
materials (NORM). Its applications vary from environmental radiation monitoring to mining
exploration, with a predominant focus on gquantifying the content of uranium (U), thorium (Th),
and potassium (K) in rocks and soils. These elements also serve as tracers in non-radioactive
processes linked to NORM paragenesis. Furthermore, the heat generated by radioactive decay
within rocks plays a pivotal role in deciphering the Earth’s thermal history and interpreting
data concerning continental heat flux in geophysical investigations. This paper provides a
concise overview of current analytical and measuring techniques, with an emphasis on state-
of-the-art mass spectrometric procedures and decay measurements. Earth scientists constantly
seek information on the chemical composition of rocks, sediments, minerals, and fluids to
comprehend the vast array of geological and geochemical processes. The historical precedence
of geochemists in pioneering novel analytical techniques, often preceding their commercial
availability, underscores the significance of such advancements. Geochemical analysis has
long relied on atomic spectrometric techniques, such as X-ray fluorescence spectrometry
(XRFS), renowned for its precision in analyzing solid materials, particularly major and trace
elements in geological samples. XRFS proves invaluable in determining the major constituents
of silicate and other rock types. This review elucidates the historical development and
methodology of these techniques while showcasing their common applications in various
geoscience research endeavors. Ultimately, this review aims to furnish readers with a
comprehensive understanding of the fundamental concepts and potential applications of XRF,
HPGes, and related technologies in geosciences. Lastly, future research directions and
challenges confronting these technologies are briefly discussed.
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1. Introduction

Cosmic beams and naturally radioactive components make up the natural
radiation environment. A parcel of the materials is primordial, cosmogenic, and
naturally occurring due to the radioactive change of compounds delivered by these
forms. Their physical characteristics and changes over time are related to their
radiological significance [1]. The primordial radionuclides are inferred from the
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outside of the crust and may exist alone or as a portion of a decay chain. Illustrations
of decay series components that are as often as possible found in gamma-spectroscopic
perceptions are the uranium series’ 224Ac and 214Bi; of the radionuclides that occur
independently, 40K is the most common in natural estimations. On the other hand, the
source of cosmogenic radionuclides is found in space, the sun, and atomic reactions,
including cosmic radiation and the earth’s atmosphere. Through air blending or
precipitation, radionuclides are brought down to the Earth’s surface. These
radionuclides incorporate 7Be and 14C as illustrations [2].

Due to their possibly disastrous impacts on wellbeing, naturally occurring
primordial radionuclides and the ionizing radiations they go with in encompassing
natural compartments are of incredible concern [3-8]. Radiation introduction can lead
to a number of health issues, including lung cancer, bone variations from the NORM
(naturally occurring radioactive material), renal failure, and kidney breakdown.
Primordial radionuclide dispersion in different natural fragments (such as sediment,
soil, sand, dust, and water) is frequently impacted by local geomorphological,
geological, climatic, and geochemical highlights as well as weathering process(es) [9].
Norms in soil or sediment are regularly connected to exposure to outside radiation, be
that as it may, vaporous 222Rn inward breath ought to not be ignored. The primary
source of natural radiation is radon, a naturally occurring gas that comes from rock
and soil. People breathe in and consume radioactive materials on a daily basis from
food, water, and the air. Radiation exposure can come from both external and internal
sources. When a radionuclide is breathed, swallowed, or enters the bloodstream in any
other way (by injection, for example, or through wounds), internal exposure to
ionizing radiation takes place. Internal exposure ends when the radionuclide leaves the
body on its own (via excreta, for example) or as a consequence of a therapeutic
intervention [10].

Water exposure to radionuclides can happen in a variety of ways, but since
surrounding water sources contain low amounts of primordial Norms, the impacts
appear to be irrelevant [11]. Not at all like water, radionuclides are shown in street
dust and cannot be ignored. Street dust exposures to ionizing radiation from Norms
are not constrained to outside pathways (that disregard 222Rn absorption), such as soil
or sediment. Breathing in street dust and its related Norms can enter the respiratory
system [12]. Ordinarily related to better dust frameworks (diameter < 2 pm), Norms
have the capacity to move over longer distances and pose posture wellbeing dangers
to individuals due to their ability to enter the respiratory system [3,4]. There has been
a critical resurgence in thinking about natural radioactivity in recent years. One
clarification for this is the common rise in significance and request of nuclear science,
of which this field is a portion.

The consideration of the characteristics and events of thorium, the parent of most
known natural radionuclides, has been provoked by its practical significance as a
source of raw materials for nuclear energy. Furthermore, it has been found that natural
radioactivity is a phenomenon with far greater changeability and hereditary incidence
than previously thought. Numerous earth researchers have utilized nuclear
technologies in their investigations since the well-established and, as of late, found
geological results of radioactivity’s presence in the natural world. Radionuclides that
naturally emerge and have lives extending from billions of a long time to less than a
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diminutive can give experiences into a wide range of occasions, from cosmic history
to micrometeorology. In any case, nature has appeared to be a valuable research
facility accomplice for nuclear researchers, having the capacity to quicken particles to
energies well past their claim capabilities and having the foreknowledge to start tests
for them millions of years ago [13].

There are changing degrees of radioactivity in all rocks and soils. The 40K,
232Th, and 238U naturally occurring radioisotopes are the most predominant on
Earth’s surface. It is apparent from watching different inquiries about radioisotope
concentrations in diverse sorts of rocks that this is same sort of rock [14—17] ordinarily
shows a wide range of concentration values. However, certain patterns can be
observed. For instance, felsic igneous rocks ordinarily have higher levels than
sedimentary rocks. The rate at which people absorb outside gamma doses from the
environment is impacted by the radioactivity of rocks. As a result, it’s critical to gauge
the radioactivity of rocks and comprehend how radioisotope dynamics influence the
environment, human health, and development techniques.

The present review is concerned mainly with material published with references
to a few prior works that are relevant to later advancements. The number of
publications in this range is expanding quickly each year. In this research, we will
center on the modern applications of radioactivity and spectrometry and highlight the
case studies, their methods, and how they were done. These applications will be in
distinctive areas, but the primary center will be in the geology field. In the next
sections, we will show the applications in conversation, starting with their
methodology.

2. Methodology

Nuclear radiation detectors became fundamental gadgets when radioactive
sources were utilized in different spaces like health physics, industry, energy, and
environmental applications. This is since radiation poses a health hazard [18]. The
gadget that changes radiation energy into an electrical signal is called a detector. It is
the radiation escalated that is created at the instrument’s output after being digitally
processed. In spite of the fact that these detectors work on different speculations, they
eventually show the radiation output. a variety of radiation detectors for X-rays, UV,
visible, and infrared light [19]. In this section, we will discuss a few of the most
commonly utilized methods and detectors, and how they work, and their principles.

2.1. High purity germanium detector

A non-destructive method for evaluating the radioactive concentration of man-
made and natural radionuclides in the environment is gamma-ray spectrometry
utilizing germanium detectors. The earlier information on the full-energy peak
efficiency at each photon energy for a certain measuring geometry is vital in order to
determine the activity for each radionuclide. Hence, in order to continue, an efficiency
calibration must be performed previously, utilizing a standard radioactive source that
has the same shape, density, and chemical composition as the sample being examined.
Nevertheless, these necessities are regularly not taken care of. It too proposes the issue
that each sample configuration requires an efficiency calibration [20].
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The number of photons discharged from the source and absorbed by the detector
is the most pivotal step in estimations performed with a gamma-ray spectrometer. The
capacity of a detector to absolutely and reliably detect and measure gamma radiation
discharged by a radioactive source is known as detector efficiency. Different
efficiency sorts, including intrinsic, photopeak, relative, and absolute efficiencies, are
fundamental to precisely detecting and measuring gamma-ray radiation transmitted
from radioactive sources [21].

Early in the 1980s, high purity germanium (HPGe) detectors were made
available. They are planned to detect excited nucleus energies with more penetration
power than can be measured with conventional junction and surface barrier detectors
[22]. Liquid nitrogen is utilized to chill them in order to stop breakdowns and minimize
electrical spillage. When compared to other sorts of radiation detectors, high purity
germanium (HPGe) detectors can clearly perceive close-by energy peaks and give
sufficient data to reliably and precisely recognize radionuclides from their gamma-ray
radiation [23].

Semiconductors, or bunch four elements in the periodic table, are utilized to make
the HPGe detectors. Three band gaps are shown in semiconductor materials: the
valence band, the forbidden band, and the conduction band. The conduction band is
empty, and the valence band is filled at the absolute temperature. Energized electrons
go from the valence band into the conduction band, where they shape an empty zone
known as a “hole”. When an electric field is present, current is delivered by the
movement of the electrons and holes in the valence and conduction bands. There are
the same number of holes and electrons in a pure semiconductor. A semiconductor’s
band gap sets up the greatest number of energy carriers per signal. Germanium has a
band gap energy of generally 0.6 eV, compared to 1.1 eV for silicon [24].

Through the deliberate presentation of impurities from group three or bunch five
elements, a process known as “doping,” the conducting properties of these materials
can be conveniently altered. The material is an N-type semiconductor if the impurities
are group V elements since more electrons are given to the system. In any case, the
material is alluded to as a P-type semiconductor if the impurities are from group three
elements since fewer electrons are contributed to the system [25]. The P-N junction in
the material was made by the two sorts of semiconductors. At this minute, the electrons
and holes will clear past one another to deliver an electrical pulse. When an ionizing
adiation ionizes a semiconductor material, the charges are straightforwardly collected
by the high purity germanium (HPGe) detectors. Charge carriers, or electron-hole
pairs, are made when a photon is interatomic with its substance. There will be an
electron hole pair created inside the depletion layer as a result of an external particle
entering the depletion layer (between the P-N junction). When an external particle
enters the depletion layer, it essentially collides with the atoms and molecules in that
region and transfers energy. The electrons in the valance band of that specific depletion
layer will then absorb that energy and jump to the conduction band when that happens.
These carriers are at that point cleared over one another and collected at the electrodes.
The charge is closely related to the incident gamma photon’s energy [23].

In modern gamma-ray spectroscopy, HPGe detectors have widespread
application owing to their outstanding output efficiency and fine energy resolution.
The distance between the source and detector, calibrator dimensions, shielding
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thickness, and incoming gamma ray energy all impact the HPGe detector’s absolute
efficiency, as recent studies have shown [26].

2.1.1. Parts of HPGe

Germanium is not liked by many detectors due to the need to cool them to liquid
nitrogen temperatures. This is caused by the fact that the element has a relatively
narrow band gap, which requires cooling so as to reduce the thermal generation of
charge carriers to an acceptable level. Inadequate cooling of these devices causes noise
from leakage currents that affects detector energy resolution. It should be noted that
germanium’s bandgap is extremely small (Egap = 0.67 eV). When it is cooled down
to —195.8 °C (the temperature of liquid nitrogen), the excitations of valence electrons
decrease, thereby allowing only gamma-rays interactions to provide an electron with
enough energy to cross this gap into the conduction band. For this reason, most HPGe
detectors are fitted with cryostats, while their crystals are enclosed in an evacuated
metal holder known as the detector.

To avoid low-energy photon attenuation, the detector holder and endcap are made
thin. The holder is ordinarily constructed from aluminum with a thickness of about 1
mm. The end cap is equally made of aluminum, analogously. The HPGe crystal is in
the holder, and it is in direct thermal contact with a cold finger, which is a metallic
rod. The transfer of heat from the assembly to the nitrogen container is facilitated by
this cold finger. In general, the cryostat is made up of a vacuum metal canister, cold
fingers, and a Dewar flask for the liquid nitrogen cryogenics system.

The germanium detector preamplifier is typically part of the cryostat itself. In
order to minimize the total capacitance, the preamplifier is placed in close proximity
to both detectors and is also cold-shielded. The cryostat has a vacuum enclosure that
ends at the Dewar, containing liquid nitrogen, into which the cold finger extends. The
Ge cryostat must be kept at a very low temperature, so it is immersed in liquid nitrogen.
The liquid nitrogen remains at —195.8 °C because its gradual boiling releases nitrogen
gas, thereby keeping the system insulated from thermal energy. Depending on their
size and configuration, vacuum flasks can retain their contents for hours or weeks.

One major inconvenience of using liquid nitrogen for cooling is the time it takes
the detector reach operational temperature. Another is that we can’t let it warm up
when in use. However, unlike HPGe detectors, which need to be kept at room
temperature all the time they are not being used, Ge(Li) crystals should never be
allowed to warm up, as this would cause lithium within them to drift out and damage
the crystal, thus permanently break the detector.

There are advanced commercial systems nowadays that can use various modern
cooling methods, like a pulse tube cooler and others, besides liquid nitrogen cooling.
This new cooling system only requires electricity to work, and no LN2 is needed
(Figure 1), making it a better option as it is more convenient and efficient.
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Figure 1. HPGe detector with LN2 cryostat [27].

2.1.2. Principle of operation

When ionizing radiation enters the germanium crystal of the detector, it interacts
with the semiconductor material. A powerful photon passing through the detector
triggers the ionization of atoms in the semiconductor, leading to the generation of pairs
of electrons and holes. The number of electron-hole pairs produced is linked to the
energy of the radiation interacting with the semiconductor. As a result, many electrons
move from the valence band to the conduction band, creating a number of holes in the
valence band.

Germanium, because of its property to maintain a sensitive layer measuring in
centimeters, can fully capture high-energy photons (up to a few MeV). When
subjected to a field, both electrons and holes move toward the electrodes, resulting in
the creation of a signal, in an external circuit. The pulse of this signal contains details,
about the power of the radiation exposure. Additionally, the rate at which these signals
occur over a period of time gives us clues about the strength of the radiation.

In all cases, a photon emits part of its energy along the path and may be
completely absorbed. When a 1 MeV photon is completely absorbed, it gives rise to
about 3 % 10° electron-hole pairs. Compared with the total number of free carriers in
an intrinsic semiconductor of 1 cm?®, this figure is rather small.

Thermal excitation, which is dominant in germanium-based detectors operating
at room temperature, is not the only factor that causes ionization of the semiconductor
atoms when particles pass through the detector. Dopants, impurities, and lattice
irregularities are responsible for this phenomenon, and it depends largely on the Egap
(energy gap) of the material, which for germanium is quite small (Egap = 0.67 eV)
(Figure 2). Therefore, thermal excitation produces noise in detectors, and thus active
cooling has to be applied to some kinds of semiconductors, such as germanium.
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Figure 2. The influence of Egap on thermal excitation [27].

It deserves keeping in mind that a 1 cm® example of pure germanium at 20 °C
consists of about 42 x 10% atoms in addition to approximately 2.5 > 10"
complimentary electrons together with 2.5 x 10 openings that are constantly
produced from thermal power. Subsequently, the signal-to-noise proportion (S/N) is
influenced [27].

2.1.3. Efficiency calibration

Using HPGe detectors, an efficiency calibration technique has been devised to
assess the radioactivity of volume samples. The samples must be measured using the
same measuring parameters as those used to calibrate the device in order to get
accurate results [28].

A set of photopeak efficiencies over the energy region of interest, or a detection
efficiency curve, must be known ahead of time in order to use the method. In addition
to the detection technology, the sample shape and sample matrix with varying ambient
sample densities and heights affect the detection efficiency curve. Since mass
attenuation coefficients (m) in environmental samples vary only little between
samples, sample chemical composition variability is not a significant issue. Monte-
Carlo calculations [29,30] can be used to estimate this effect or modeling [31].
Matrices increased [32]. In this instance, it is possible to experimentally determine and
fit an efficiency curve for a wide range of matrices and energies. In order to achieve
this goal, the standards’ composition should as nearly resemble the samples’ density,
attenuation factors, and activity concentrations as feasible [33,34].

In order to reduce the deviation in the measured activity, the calibration standard
source needs to have physical dimensions, a chemical composition, and a density
similar to the samples that will be tested. In terms of geometry, if the container has the
same dimensions and all of the samples and the standard source’s heights are similar,
the variance can be nearly eliminated.
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2.1.4. Quality control

“In-house procedures” might be used to prepare the standards. This can be
achieved by uniformly adding certified and traceable radionuclide solutions into
inactive matrices that have the same density and composition as the material that needs
to be tested. Like any other analysis method, y-ray spectrometry requires standard
samples to obtain the most precise experimental efficiency calibration in order to
perform a quantitative analysis. However, if many configurations (e.g., different y-ray
detectors, geometries, densities, and sample shapes) are present, it can be time-
consuming [35].

In order to calculate the activity of the various radionuclides contained in a
sample, radioactive sources were prepared from two different standards, such as mixed
standard QCY40, which contained 210Pb, 241Am, 109Cd, and 57Co, and standard
QCY48, which contained 241Am, 109Cd, 57Co, 139Ce, 113Sn, 85Sr, 137Cs, 88Y,
and 60Co. In terms of the measurement setups, we are pouring a certain volume of
radioactive solution into a bottle that is partially filled with soil in order to prepare
aqueous sources. The bottle is then consistently filled to the same height. Once the
homogeneous soil has been added to the bottle until it reaches the required volume
(weight or height), the bottles were sealed hermetically with a screw cap at the end.

2.1.5. Energy measurement

We measure the soil by itself in the same vial since it contains some naturally
occurring radioactivity. By comparing the activity of the bottles with standard solution
sources, the natural radioactivity of the soil was calibrated. At ZSR, gamma-ray data
is analyzed using the GW program. The net count rate in the full-energy peak is then
divided by the decay corrected gamma-ray emission rate of the standard source to
determine the absolute detector efficiency at that energy [36].

2.2. Thallium activated sodium iodide detector Nal(TI)

The Nal(TI) scintillation detectors are one of the most commonly used detector
systems used to measure gamma-ray detection (Figure 3). This can be explained by
their low cost compared to HPGe detectors, high stability against thermal events and
weather conditions (namely because they do not need additional cooling devices), etc.
Furthermore, our Nal(TI) scintillation detectors show huge detection efficiency [37].

The Nal(TI) detector provides valuable benefits to users by allowing a variety of
gamma spectroscopy studies to be performed at room temperature. This feature proves
to be very beneficial for researchers. Additionally, the use of Nal(TI) detectors with
large surface areas effectively reduces the time required for measurements [38—40].
Unlike HPGe detectors, Nal(TI) detectors offer the advantage of high absorption
efficiency due to the presence of thallium (Z = 81) in their structure. This results in a
high photo peak/Compton ratio.

Then again, HPGe detectors are known for their higher resolution capabilities
[41] In the detection of gamma rays utilizing a Nal(Tl) detector, the physical
interactions between the gamma rays and the crystal of the detector are well caught
on, counting the photoelectric effect, Compton scattering, and pair production. To
successfully measure gamma rays with a Nal(TI) detector, it is fundamental to get
parameters such as reaction work, energy resolution, and their relationship with
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experimental setup conditions like geometry, gamma ray energies, and source distance
from the detector. Whereas experimental methods can give a few of this data, they are
constrained by experimental conditions.

i~ = BENCER

Figure 3. Nal(TI) detector and its components [48].

Instead, Monte Carlo simulations, including the FLUKA simulation tool, provide
the capability to gain a huge range of parameters without energy or setup obstacles.
FLUKA is a flexible tool for calculating particle transport and interactions with matter,
with programs ranging from accelerator shielding to detector design, dosimetry, and
more.

FLUKA sticks out from other Monte Carlo applications because of its dual
capability to function in both biased and absolutely analog modes, allowing for the
prediction of fluctuations, signal coincidences, and uncommon events at the same time
as presenting a variety of statistical techniques to investigate attenuations over many
orders of magnitude [42,43].

Many publications have used FLUKA and many other Monte Carlo codes for
research purposes. Among these publications, a notable part focuses on modeling the
3">3" Nal(TI) scintillation detector [44-48] some of which relate to the measurements
performed for this specific target [47] and some of them are linked to the use of
radiation doses [48].

The energy resolution of the 3" < 3" Nal(TI) detector at about 49 keV turned out
to be 7.4% for 662 keVV gamma rays. This is close to the typical energy resolution
reported for a Nal(TI) detector detecting 662 keV gamma rays emitted from a 137Cs
source. The resolution values of cylindrical detectors of this type are typically between
7.0% and 8.5%, and these values can be easily achieved with commercially available
detectors [48].

The performance ranges from 186.1 to 2614 keV, showing two distinct regions,
indicating variation in detector performance behavior due to attenuation and
absorption processes. At lower photon energies, the absolute efficiency of the detector
continues to increase as the attenuation of the radioactive source is significantly
reduced. The observed gamma energy peak depends on detector and source
characteristics. Beyond a few hundred keV, the performance gradually decreases. In
the case of the Nal(Tl) detector, the absolute detection efficiency cannot be expressed
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as a single value. Detection efficiency is highly dependent on factors such as gamma-
ray energy, source location, activity, and the shape and composition of the source
detector system, all of which are contextual variables [49].

Most of the time, standard spectra obtained using at least three concrete pads
enriched in K, U, and Th are used to calibrate portable gamma-ray spectrometers for
use in natural radioactivity measurements. A background is represented by a pad free
of radioactivity [50,51]. Typically, these pads have an area of at least 2 m? and a
thickness of 0.5 m [52]. A more affordable and practically impractical approach was
used in place of designing an ideal pad with a single radionuclide within and a
flawlessly homogenous distribution of radioisotopes across its volume. The detector’s
performance is ascertained through two calibration stages. The process that allowed
the obtained spectrum to be understood as a function of the energy connected to the
decay events is known as energy calibration. This depends on how much radioactive
element content there is in the system being studied. Finding the parameters that
connected the count rate under a photopeak to the radionuclide’s soil radioactivity
concentration (BgKg-1) and air dose rate was the second step in the calibration
process.

2.2.1. Energy calibration

Weighing reference materials from the International Atomic Energy Agency
(IAEA) such as RGU, RGK, and RGTh in petri dishes allowed for the energy
calibration of the detector. To illustrate the non-uniform dispersion of the radionuclide
in the surroundings, standard materials were placed in petri dishes. The detector, which
stood 140 mm tall, was positioned directly above the setup. This was permitted
because the goal was to collect only the naturally occurring radioactivity that resulted
from the low-gamma-emitting radionuclides found in the soil. The spectrum analysis
technique used was the Window Analysis Method (WAM). This technique just takes
the spectrum’s region of interest into account [50]. Therefore, the single peak released
by 40K at 1460 keV was studied to determine the concentration of potassium.
Uranium, 238U, was found at 1765 keV from 214Bi, while Thorium, 232Th, was
found by 208TI’s gamma rays at 2614 keV. Following a predetermined 300 s [53], the
channels of the various photopeaks that corresponded to the gamma energies were
recognized when a spectrum was captured. The software’s calibration option was
chosen, and each peak of interest’s gamma energies were inserted against its channel
number to complete the calibration process. The software consequently created a
relationship between the gamma energy and the channel number. To acquire count
rates owing to each radionuclide under its reference peak, the regions of interest (ROI)
were carefully established around these photo peaks. Using the conversion parameters,
these count rates were translated to radionuclide soil activity concentration.

2.2.2. Efficiency calibration

We can only infer the distribution of energy depositions in the detector’s active
volume from the pulse height distribution that was previously acquired from the
detector and MCA. Efficiency calibration connecting the number of recorded counts
in the detector to the ground deposition activity level is necessary for a radionuclide-
specific measurement of the activity [54]. According to Beck et al. [55], the soil
radioactivity concentration of the radionuclide causing the peak is correlated with the

10
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number of counts per second, acquired under a photopeak due to a specific gamma
energy.

2.3. Liquid scintillation counting (LSC) technique

Ernest Rutherford used luminescence to detect a particles, making it one of the
first techniques to measure radioactivity. Initially, the human eye could detect pulses
of light. However, the advent of sensitive photodetectors, such as photomultiplier
tubes (PMTs), paved the way for the development of scintillation counters. In 1950
[56,57], two independent groups reported that organic solutions could be used to detect
B particles, leading to the advent of liquid scintillation. The first commercial clock was
produced by Packard Instruments in 1953, and since then, many complex data
processing techniques have been incorporated into LSC clocks following the invention
of the microprocessor. Commercial production of LSC counters peaked around 1975,
but there was then a steady decline due to the emergence of alternative non-radioactive
monitoring techniques for biological purposes. At the same time, there was growing
interest in LSC techniques in the field of radionuclide measurement, especially after
the publication in 1979 of two quantitative LSC measurement methods: the triple
coincidence ratio (TDCR) [58] and the CIEMAT/NIST method in 1982 [59].
Currently, the main focus of the commercial LSC market lies on providing low activity
measurements and developing liquid scintillators with reduced toxicity levels.

2.3.1. Liquid scintillators composition

A liquid scintillator is capable of changing a portion of the energy from ionizing
radiation into light. It is basically composed of scintillator molecules that are dissolved
in an organic solvent. In order to tailor the liquid scintillation cocktail for particular
applications, extra components such as a secondary solvent, secondary scintillator,
surfactant, extractant, and quencher are added (Figure 4). The composition of the
liquid scintillation cocktail ought to facilitate efficient transfer of energy between the
solvent and scintillator solute while also allowing for the coexistence of the aqueous
radioactive solution with the organic solvent. Be that as it may, these requirements can
now and then clash, making the improvement of an ideal liquid scintillator cocktail a
matter of compromise.

The solvent plays a vital role in the cocktail as it absorbs the energy radiated by
charged particles from the radionuclide and transfers this energy to the fluorescent
molecules. Aromatic organic molecules are commonly utilized as liquid scintillator
solvents. Whereas benzene and toluene were already utilized, less poisonous solvents
like xylene or pseudocumene are presently favored. In recent years, a new generation
of aromatic solvents, such as di-isopropyl naphthalene (Din), phenyl xylyl ethane
(PXE), and dodecylbenzene (DB), have been developed. These solvents offer reduced
toxicity and higher flash points, although they may show lower stability and
production consistency. It is vital to note that these new solvents are mixtures of
different products and isomers, and the producer cannot ensure that the composition
of products sold under the same commercial title will stay unaltered. Solvents have
lower toxicity and higher flash points but may have lower stability and consistent
production. The new solvents are mixtures of various products and isomers, so the
producer cannot guarantee the composition remains unchanged for products sold

11
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under the same name.

The primary scintillator, displayed in concentrations extending from 5 g/L to 10
g/L of solvent, is responsible for converting the excitation energy of the solvent
molecules into light. Commonly utilized primary scintillators include 1,5-
diphenyloxazole (PPO), p-terphenyl (TP), 2-phenyl-5-(4-diphenyl)-1,3,4-oxadiazole
(PBD), and (2-(4-t-butylphenyl)-5-(4-biphenyl)-1,3,4-oxadiazole (butyl-PBD).
However, other fluorescent molecules, such as laser dyes, can also be utilized in this
part.

Sample and
scintillator

PM-tube PM-tube

=
O
I
Intensity

Energy

Figure 1. LCS detector and its components [60].

The secondary scintillator is utilized in LS cocktails to adjust the scintillator
emission range to match the greatest sensitivity of the photocathodes of PMT. It is
ordinarily shown in a mass concentration of roughly 0.5 g/L of solvent. The
scintillators utilized for this reason include 1,4-di-(2-(5-phenyloxazolyl)) benzene
(POPOP), p-bis-(o-methyl styryl) benzene (bis-MSB), or 1,4-di-(2-(4-methyl-5-
phenyloxazolyl)) benzene (DM-POPOP).

In LS cocktails that are water-miscible, the addition of a surfactant is necessary
to guarantee the miscibility of the radioactive aqueous sample with the primary
solvent-solute system. The surfactants are ordinarily shown in amounts up to 30% by
weight. To upgrade detection efficiency, non-ionic aromatic surfactants with great
energy propagation properties are favored. One such surfactant is iso-octyl phenoxy-
poly ethoxy ethanol (Triton X-100®). On the other hand, a polar molecule that allows
the coexistence of organic and aqueous phases inside a constrained volume range can
be utilized as a substitution for surfactants. Whereas ethanol was previously utilized
for this reason, phenoxyethanol is presently favored due to its energy transfer
properties, which help limit the reduction of scintillator light yield caused by the
addition of the surfactant.

Certain LS cocktails contain extractant molecules in molar concentrations of
roughly 10 mol/L. These extractants facilitate the liquid-liquid extraction of the
radionuclide from the aqueous phase into the scintillator organic phase. Organic
extractants such as di-2-ethylhexylphosphoric acid (HDEHP) or tri-n-octyl phosphine
(TOPO) are commonly utilized. These extractants not only enhance the stability of the
scintillator but also improve the detection efficiency for particular elements.

In some LS cocktails, a secondary solvent is presented in mass concentrations of
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up to 200 g/L to improve the differentiation between electron and alpha particle
responses. Aromatic molecules with long half-life triplet states, such as naphthalene
or naphthalene compounds, are regularly utilized for this purpose.

If wanted, a chemical quencher can be added to LSC cocktails to decrease the
scintillation efficiency.

2.3.2. Transfer of energy in the scintillator

Radionuclide decay radiation traverses the liquid scintillator and primarily
interacts with the solvent molecules. The interaction between radiation and matter
generates incident electrons or secondary electrons, which in turn excite or ionize the
solvent molecules. In any case, a critical portion of the incident energy is dissipated as
heat.

Approximately 10% of the energy is transferred to excited singlet and triplet
molecular states. Singlets rapidly return to their ground state S1 through de-excitation,
whereas triplets lose their energy through internal change and cannot directly transmit
light. All things considered, bimolecular triplet-triplet reactions can deliver singlet
states, enabling light emission. The extents of excitation and ionization depend on the
stopping power and energy of the incident particle, with alpha particles causing more
ionizations compared to electrons. Both ionization and excitation can result in
fluorescence, but triplet production is more prominent in ionization.

The energy migrates from one solvent molecule to another within a sub-
nanosecond timeframe until it is either trapped by a solute molecule or scattered as
heat. These energy transfer processes happen without radiation. Fluorescence occurs
when excited singlet states of the solute experience radiative de-excitation. The decay
time constants for fluorescence are typically a few nanoseconds.

On the other hand, light production through de-excitation of triplet states, known
as phosphorescence, is less likely as it requires triplet-triplet bimolecular reactions.
Consequently, the decay time for phosphorescent emission is longer.

The spectrum of emitted photons is particular to the fluorescent solute and solvent
species. If a secondary solute is shown, the energy transfer to it happens through
radiation [61].

2.3.3. The CIEMAT/NIST method

The CIEMAT/NIST method is exemplified in Figure 5, where the initial step
involves calculating the efficiency of a system with two PMTs in coincidence
according to Peng and Li [62] with P (E, 1) and R = 2. This calculation must be carried
out for both the nuclide under investigation and a tracer nuclide, typically 3H. By
introducing the free parameter M = A, a connection between the counting efficiencies
of the two radionuclides is established, allowing for the determination of the counting
efficiency of the nuclide under study, enuige, in relation to the counting efficiency of
the tracer, ewacer. This relationship is known as the ‘efficiency curve’. Subsequently,
the calibration curve, which represents the counting efficiency of the tracer, iacer, as a
function of the quenching indicator, QIP, is determined. This process involves
preparing a series of approximately ten vials, each containing a scintillation cocktail
and a known quantity of a tritium activity standard solution. Starting from the second
sample, increasing amounts of a quenching agent are added to reduce the counting
efficiency. Since the activities of the tritium samples are already known, the measured
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net counting rates provide the counting efficiencies &wacer. Furthermore, the quenching
indicator QIP is automatically measured for each sample using an external standard
source integrated into the counter system.

—=| Eyracer (M)
CIEMAT/NIST calculations

for tracer and nuclide

ﬁ Etncor(trmclmt )

—| Enuciide (M)

measurement with I
activity standard —=| &, (QIP)
of the tracer

measurement with

[ e e T
nuclide under study s o

R,

nuclide
a

nuclide =
Enuclige M

Figure 5. Illustration of the CIEMAT/NIST method [61].
R denotes the measured counting rate, M is the free parameter, QIP is the quench Indicating parameter,
¢ is the counting efficiency, anuciice is the solution activity concentration and m is the mass of solution in
an LSC sample.

In conclusion, a sample series is meticulously prepared using a solution of the
nuclide being investigated. It is imperative that the sample composition and measuring
geometry closely resemble those used in the calibration measurements. The counting
rate and the quenching indicator QIP of the sample series are then accurately
measured.

The QIP indicator enables the determination of the tracer efficiency from the
calibration curve. Once the tracer efficiency is known, the nuclide efficiency can be
determined using the efficiency curve. Consequently, all necessary information is
available for calculating the activities of the samples and the activity concentration of
the solution.

2.3.4. Quiality control

Periodic global checks of the LS counter are essential, especially after significant
changes in the counter. While the IEC 1304 standard provides guidance for conducting
these checks [61], it is important to note that the document contains outdated
information. Therefore, it is recommended to adhere to the principles outlined in the
standard rather than strictly following the outdated details. Various checks, such as
repeatability, reproducibility, fidelity, and linearity, should be performed using
reference LS sources. Typically, pure organic 3H or 14C labeled scintillators enclosed
in flame-sealed ampoules are used as reference sources. Although IEC 1304 suggests
replacing these reference sources every five years, practical experience indicates that
they can remain stable for decades if stored at a moderate temperature (below 20 °C)
in a dark environment. The linearity of the counter’s performance can be assessed by
employing a series of reference LS sources that exhibit progressively higher levels of
activity. This particular test enables the identification of the operational range within
which the counting rate remains accurate, while also providing a means to rectify any
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counting bias that may occur beyond this range.
2.2.5. Calculation of energy spectra

The determination of the counting efficiencies necessitates the calculation of the
energy spectrum that is transferred to the liquid scintillator, denoted as S€. This energy
spectrum is normalized.

Emax
f S(E)dE =1
0

This range encompasses electrons that originate either from the decay of the
initial isotope or from rearrangement processes occurring in the shell of the daughter
atom. Furthermore, photons resulting from the decay process can transfer energy to
electrons through Compton scattering and the photoelectric effect. If the energy of the
photon exceeds 1.022 MeV, it can also generate an electron-positron pair.

3. Case studies

In this section, we will discuss case studies where they used the methodologies
mentioned before and how they used them in their experimental work in their research.

3.1. Intercomparison Nal(Tl) and HPGe spectrometry to studies of
natural radioactivity on geological samples

A case study by Hung et al. [63].
3.1.1. Experimental setup

The Nal(TI) detector’s scintillation crystal is a cylindrical shape measuring 7.62
cm < 7.62 cm and is made by Canberra, Inc., USA. This detector is connected to an
Osprey™ tube, which serves as a modern, all-in-one multi-channel analyzer (MCA)
tube base designed to facilitate scintillation spectrometry [64].

Table 1. Parameters of the HPGe detector [63].

Main parameters Geometrical parameters Value
Relative efficiency 35%
Energy resolution (FWHM) at 1332 KeV (Co60) 2 KeV
Peak-to-Compton ratio (Co60) 66:1
Geometrical parameters of the detector Window thickness (mm) 15
Crystal-window distance (mm) 5
Crystal dead layer thickness (outer) (mm) 0.46
Crystal dead layer thickness (inner) (jpm) 0.3
Crystal length (mm) 50.1
Crystal diameter (mm) 62.2
Crystal hole depth (mm) 23
Crystal hole diameter (mm) 7.5
Side cap thickness (mm) 15
Side cap diameter (external) (mm) 76.2

This integrated module comprises a high-voltage power supply (HVPS), a
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preamplifier, and a comprehensive digital MCA. It is operable through a single cable
connecting the Osprey™ to the control and information acquisition systems. The
HPGe detector, given by Canberra, Inc., USA, is developed with a p-type high-purity
germanium material (Table 1).

The concentration of 238U was determined by analyzing the activities of 226Ra
(186.2 keV), 214Pb (241.9 keV, 295.2 keV, and 351.9 keV), and 214Bi (609.3 keV,
1120.3 keV, 1764.5 keV, and 2204.2 keV). On the other hand, the concentration of
232Th was calculated based on the activities of 212Pb (238.6 keV), 208TI (583.2 keV,
and 2614.5 keV), and 228Ac (338.3 keV, and 911.1 keV). The activity of 40K was
determined directly from the gamma line at 1460.8 keV. The analysis of gamma rays’
spectra and information processing were carried out utilizing Geniee 2K software,
which was also utilized for the show and processing of spectra from both detectors.
The acquisition time for background, reference, and samples was set at 86,400 s each.
Peak identification and resolution of overlapping peaks were performed utilizing
Colegram software [65].

3.1.2. Reference sample

The Nal(TI) detector’s efficiency was experimentally calibrated using three
reference samples from the International Atomic Energy Agency [66]: RGK-1, RGTh-
1, and RGU-1. These samples have mass activities of 14,000 £400 Bg/kg, 3250 +90
Ba/kg, and 4940 30 Bqg/kg, respectively. Moreover, the RGU-1 source was utilized
to establish the standard curve of efficiency for the HPGe detector. This calibration
was conducted inside the energy range of 46.5 keV to 2204.2 keV, particularly
focusing on 210Pb (46.5 keV), 234Th (63.3 keV), 226Ra, 214Pb, and 214Bi (in
equilibrium with its parent 238U with a mass activity of 4940 +30Bqg/kg) for the
evaluation of 238U.

In our analysis, we encountered a sample that emits gamma transitions of 186.2
keV and 185.7 keV, compared to 226Ra and 235U, respectively. By examining the
count rate in the 186 keV region, we can apply a correction factor of 0.5709 to
precisely determine the value of 226Ra and get an extra result for 235U [67]. The
ACORES software is utilized to fit the experimental efficiency curves to a log-log
polynomial [68] (see Figure 6).

Full energy peak efficiency

Energy (keV)

Figure 6. Experimental full energy peak efficiency calibration curve for volume
source [63].
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3.1.3. Sample data.

The Southern Geological Mapping Division collected the samples from a location
in Vietnam’s environment. Each area yielded more than 200 g of material, which was
carefully collected and ground into dust. In this way, the samples underwent sieving
and were set in cylindrical containers. These containers were, at that point, sealed off
in the laboratory for a minimum of 30 days. This duration is significant to prevent any
radon from escaping and to avoid any potential disequilibrium issues between 226Ra
and its corresponding progenies (Table 2) [63].

Table 2. The information of the standard and the samples [64].

Sample Mass (g) Density (g/cm?)
RGK-1 135 1.62
RGU-1 130 1.55
RGTh-1 119 1.42
S1 140 1.68
S2 116 1.39
S3 132 1.57
S4 136 1.63
S5 132 1.57

The cylindrical container, which housed both the standard and sample sources,
had particular qualities. These included an external diameter of 75 mm, a wall
thickness of 2 mm, and a bottom thickness of 2 mm. Besides, the container was filled
to a height of 20 mm [63].

3.1.4. Results

The background and sample of both detectors Figure 7a,b were compared.

“K-1460.8keV 7

Counts/channel

(1] 400 800 1200

1B}.1764.5keV
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Figure 7. Sample 1 and background spectra resulting from 86,400 s acquisition time; (a) for Nal(TI); (b) for HPGe

detectors respectively [63].
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At first, the efficiency of the Nal(TI) detector was experimentally calibrated using
the kit standard to determine the activities of radionuclides in the sample. At the same
time, the HPGe detector in the laboratory was utilized to measure the activities of the
radionuclides in the sample. In accordance with Equation (1) [63], the mass activity
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of radionuclide for each peak with energy E was calculated based on the net peak area,
Npé€, the relevant photon emission intensity, /€, the efficiency, ¢€ for the calibration
conditions, acquisition live time (s), dry mass (kg), and the product of different
correction coefficients such as coincidence summing, radioactive half-life.
NP(ED)
T eP(ED) X I(E)) X t Xm

The results, along with their corresponding combined standard uncertainties [69],
are displayed in this study. The relative uncertainties mentioned in this paper are based
on the combined standard uncertainties (k = 1). The computation of these uncertainties
includes factors such as peak area, interpolation efficiency derived from a function,
and the intensity of photon emission that is relevant to the analysis. To assess the
performance of the estimation procedure for the samples, both detectors were utilized.
The evaluation followed the approach utilized by the International Atomic Energy
Agency (IAEA) in recent intercomparison exercises and proficiency tests [70].

The U-score is decided by utilizing the data obtained from the Nal(T) detector,
the HPGe detector, and a standard deviation, as outlined in the subsequent formula:

B A(HPGe) — A(Nal(TI1))
seore ™ 0.1 X A(HPGe)

The performance assessment of the Nal(TI) detector is considered satisfactory if
the Uscore IS equal to or greater than 2. It is considered questionable if the U-score is
greater than 2 but less than 3, and it is considered unsatisfactory if the U-score is equal
to or greater than 3. The A(HpGe) represents the activity concentration value gotten
from the HPGe detector, while the A(Nal(TI)) represents the activity concentration
result detailed by the Nal(TI) detector. The relative bias (RB) is calculated using the
following equation:

X ICi (1)

|A(HPGe) — A(Nal(TI))|
A(HPGe)
Accuracy assessment: the findings are deemed satisfactory if:

RB =100 x

|A(HPGe) — A(Nal(TD))| < 2.58 x \/ Ufipce + Uarcmy)

The standard uncertainties Unaicry and Unpce, along with a parameter of 2.58, are
utilized to evaluate the probability of a result passing a test at a 99% confidence level.

The calculation of precision (P) assessment requires adherence to the prescribed
formula:

U 2y
P = 100% x (ch’) 4 (SNalm,,
AHPGe ANaI(T])

The Nal(TI) detector results are regarded as satisfactory for precision when the
specified condition is met:
P <LAP
In this investigation, we set the LAP (limit of acceptable precision) and MAB
(maximum acceptable bias) at roughly 10% for each radionuclide. To accomplish the

L3

designation of “acceptable,” the result must demonstrate satisfactory levels of
accuracy and precision. If either precision or accuracy is regarded as “not acceptable,”
the RB is compared to the MAB. If RB < MAB, the result is labeled as a “warning”;

on the other hand, if RB > MAB, the result is classified as “not acceptable.” The
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maximum deviation of the U-score is 0.52 for the radionuclides present in the samples,
indicating that the values obtained from both the Nal(T1) and HPGe detectors meet the
U-score criteria. Besides, there is a solid agreement in relative bias when utilizing both
detectors.

The findings are illustrated in Figure 8a—c, which shows the relative activities of
238U, 232Th, and 40K, respectively. Table 3 outlines the mass activities of the
samples, with a maximum relative deviation of roughly 5% for both detectors, except
for radionuclide 238U in sample (S2). Following the proficiency test protocol for
assessing accuracy and precision, all radionuclides passed the evaluation.
Consequently, the overall performance of the analytical determinations in the
proficiency test meets the criteria for acceptability, with all results considered
“acceptable” for the radionuclides present in the samples [63].
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Figure 8. Relative function of radioactive of both detectors: (a) for 238U; (b) for 232Th; (c) for 40K respectively
[63].
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Table 3. Mass activities are measured using Nal(Tl) and HPGe detectors respectively [63].

Mass activity (Bg-kg™)

238U 232Th 40K
Sample Nal(TI) HPGe Nal(TI) HPGe Nal(TI) HPGe
S1 78.65 +0.25 77.48 =0.52 681.84 +£19.3 694.88 +£2.49 1540.87 £44.54 1625.7 +23.8
S2 30.77 £0.77 28.58 +0.26 360.71 +10.38 345.3 +1.39 1202.4 +34.89 1193.54 +£18.14
S3 230.28 £2.51 229.24 +1.21 606.43 £17.22 598.84 +2.21 1687.37 £48.74 1669.45 £24.45
S4 108.93 £0.53 106.83 +0.67 1573.62 +£44.12 1513.33 +5.09 509.26 +15.06 507.37 +8.83
S5 661.29 +5.63 643.58 =3 35.32+1.32 34.45+0.28 831.3 +24.33 826.48 +13.45

3.2. Anomalous concentrations of radionuclides in the groundwater of
Ede Area, southwestern Nigeria: A direct impact of geology

A case study by Adetunji et al. [71].
3.2.1. Methodology

In November (during the dry season), a study was conducted to sample
groundwater in different zones of Ede. A total of 15 samples were collected utilizing
a standardized sampling method. Out of these, ten samples were obtained from Ede
town, whereas two samples each were collected from Iddo and Ekuro, and one sample
from Iwoye communities. The sampling areas are denoted as S1-S15 on the geological
map. Thirteen of the samples were taken from hand-dug wells, while the remaining
two samples were extracted from boreholes. To guarantee the purity of the samples,
plastic containers were used, which were first rinsed with distilled water to eliminate
any foreign substances. Hence, the containers were further rinsed with the water
sample collected from each particular area. To avoid any external contamination or
mix-up with other water samples, the containers were firmly sealed and labeled
accordingly.

Figure 9. Geological map of Ede Area (the sampling points are indicated as S1-S15)
[71].
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The exact coordinates of sampling destinations were established utilizing a global
positioning system (GPS) and, in this way, marked on the geological map of the
research region (see Figure 9) [71].

The sodium iodide gamma spectrometer at the Centre for Energy Research and
Development (CERD) at Obafemi Awolowo University, lle-Ife, Nigeria, was utilized
to determine the radionuclides present in the water. To prepare the water samples for
analysis, hydrochloric acid was added. Each water sample, measuring 250 cm?, was
then carefully stored in an airtight and properly sealed container inside the laboratory
for a duration of 28 days. This period permitted the establishment of secular
equilibrium between isotopes and their respective daughters before conducting
gamma-ray spectrometry analysis. It is worth noting that this specific technique has
been broadly utilized by various analysts in the field [72—74].

After this time period, the hermetically sealed containers were individually
positioned inside a strong lead enclosure and secured with a substantial seal. Attached
to the lead enclosure was a sodium iodide radiation detector that produced electronic
charges through ionization due to gamma-ray emissions. The spectrometer is
comprised of a Canberra 7.6 cm by 7.6 cm Nal(T1) detector connected to a Canberra
Series 10 Plus Multichannel Analyzer (MCA) through a preamplifier base. Protection
of the environment from radiation was fulfilled by utilizing a Canberra 10-cm-thick
lead castle [75].

Counting was conducted for a duration of 10 h due to the minimal natural
activities of radionuclides present in the water. The spectrum was evaluated, and the
calculation of the area underneath the photopeaks was carried out utilizing the MCA
algorithm. The significant photo peaks detected in the samples’ spectra were
recognized as originating from radionuclides inside the natural decay series of 238U
and 232Th, as well as the non-series 40K. To identify the gamma energy peaks, the
spectra analysis software SAMPO 90 was utilized to compare them with a library of
potential radionuclides [76-80].

3.2.2. Results

The data on radioactivity levels in the media samples are shown in Table 4.
Radioactivity is measured in the Becquerel (Bg), with 1 Bg equivalent to 1
disintegration per second. The recommended levels for radioactivity in drinking water
are expressed as the activity concentration of the radionuclide per liter, denoted as
Bag/L. In the study area, the uranium-238 series (radon-222 and radium-228) were
identified as the most predominant radionuclides in water. The activity concentration
of the uranium series ranged from 7.24 £0.24 to 23.76 £0.31 Bg/L, with an average
of 13.256 Bg/L over the four communities. Specifically, Ede had an average activity
concentration of 13.645 Bg/L, ranging from 23.76 +£0.31 to 7.24 £0.24 Bg/L. This
shows that the average radioactivity level in Ede surpasses the regional average
(13.256 Bg/L) for the whole area by roughly 0.389 Bg/L. Iddo and Ekuro had average
values of 11.685 +0.3 Bg/L and 13.49 0.7 Bg/L, respectively, while Iwoye recorded
a value of 12.04 +£0.23 Bg/L.

The concentration of thorium series activity in the whole area varies from 6.42 +
0.53 to 20.97 +0.66 Bg/L, with an average value of 10.51 Bg/L. In contrast, samples
collected from Ede display a range of values from 20.97 +0.66 Bg/L to 4.08 +0.89
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Bg/L, with an average value of 11.182 Bq/L.

Table 4. Radionuclides concentrations in water samples from the study area [71].

S/mo. Location Nature Bed rock 40K (Bq/L) 238U (Bq/L)  232Th (Bq/L)

1 Ede Hand dug  Pegmatite 9.03 £0.97 23.76 £ 0.31 10.10£ 0.5
2 Ede Hand dug  Pegmatite 1571+0.83  17.85+0.22 7.30 +£0.49
3 Ede Hand dug  Pegmatite 23.82+0.83  10.62+0.22 19.84 +0.53
4 Ede Hand dug  Pegmatite 10.08 +0.87  9.90+0.23 14.62 +£0.55
5 Ede Hand dug  Pegmatite 27.74+0.74  9.61 £0.302 8.38+0.52
6 Ede Hand dug  Pegmatite 21.58+0.95 22.47+0.30 20.97 + 0.66
7 Ede Hand dug  Pegmatite 16.61+0.83  7.24+0.24 11.14 £ 0.52
8 Ede Hand dug  Pegmatite 17.18 £0.91 10.45+£0.25 8.54 +0.58
9 Ede Hand dug  Pegmatite 13.63 £ 0.81 10.51 £ 0.25 4.08 +£0.59
10 Ede Hand dug  Pegmatite 16.11 +1.01 14.04 +£0.23 6.58 £ 0.55
11 Iddo Borehole  Grey gneiss  14.00 £ 0.96 13.46 £0.30 9.00 £0.55
12 Iddo Borehole  Grey gneiss  4.53 £ 0.96 9.91 £0.29 6.58 £0.66
13 Ekuro Hand dug  Quartzite 9.68 +0.77 15.21+0.30 6.42 £0.53
14 Iwoye Hand dug  Grey gneiss 21.21£0.78  12.04+0.23 12.25+0.56
15 Ekuro Hand dug  Quartzite 3.47+1.01 11.77+0.23 11.63 £ 0.67

This data demonstrates that Ede has a higher thorium-232 activity, surpassing the
combined activity of the four other communities by around 0.632 Bg/L. The average
activity values for Iddo and Ekuro are 7.79 £0.605 Bg/L and 9.025 +0.6 Bqg/L,
respectively. On the other hand, Iwoye demonstrates an activity value of 12.25 +0.56
Bag/L.

The analysis results demonstrated that the activity concentration for 40K varies
from 3.47 £1.01 to 27.74 £0.74 Bg/L, with a normal of 14.96 Bg/L over the whole
area. In Ede, the values range from 27.74 £0.74 to 9.03 +0.97 Bg/L, with an average
of 17.149 Bqg/L. The average concentration in Ede surpasses the regional average
(average for all four communities). Samples from Iddo and Ekuro show average
concentrations of 9.265 +0.96 Bg/L and 6.6 £0.89 Bqg/L, respectively, while Iwoye
has a concentration of 21.21 +0.78 Bqg/L.

In general, there is increased activity observed in all of the samples, in spite of
variations in the concentrations of the radionuclides across different locations. Figure
10. The concentration of potassium remains consistently high in about all of the
samples, reaching its peak in sample 5 (Ede) and its lowest in sample 15 (Ekuro). The
elevated activity of 40K can be attributed to the abundance of potassic or K-feldspar
(KAISi30g), which is the second most predominant mineral in these felsic rocks. On
the other hand, quartz (SiO2), the most abundant mineral, does not host any other
elements other than oxygen and silicon to a significant extent.

The uranium series exhibits its highest concentration in sample 1 (Ede) and its
lowest concentration in sample 7 (Ede). Similarly, the thorium series reaches its peak
concentration in sample 6 (Ede) and appears to have its least concentration in sample
9 (Ede). Notably, sample 6 in Ede demonstrates equal activity concentrations for all
the radionuclides.
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Figure 10. Bar chart showing radionuclides concentration in water samples from the
study area [71].

3.3. Measurement of 226Ra in river water using liquid scintillation
counting technique

A case study by Hamzah et al. [81].
Scintillation counting was used for measurement of 226Ra in water samples from
Sungai Kelantan, mainly in the district of Kuala Krai.

3.3.1. Sampling site

Figure 11 shows a geological map of the Kelantan region, delineating the
boundaries of the 10 area regions. The predominant geological features in Kelantan
consist of undifferentiated acid intrusive rocks as well as formations from the Triassic
and Permian periods. Furthermore, Figure 12 outlines the particular areas where river
water samples were collected within the Kuala Krai district.
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Figure 11. Geological map of Kelantan [81].
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Figure 12. Area of sampling [81].

3.3.2. River water sample

To analyze the presence of 226Ra in a river sample, roughly 10 L of the untreated
sample was carefully collected in a polyethylene bottle that had been completely
cleaned with HNO; and distilled water. The collection of water samples was done at
the midpoint of the river to guarantee their representativeness and to include the
desired elements of interest, such as radionuclides. In order to protect the water and
prevent any loss of radionuclides through sorption in the bottles, concentrated HNO3
was promptly added to the raw sample at a ratio of 1 mL HNOs per 1 L of water [82].

These samples were obtained at a depth ranging from 0.01 to 0.3 m within the
river. The water samples are passed through a membrane filter with a porosity of 0.47
um and a diameter of 47 mm in order to remove suspended solids and impurities. In
this way, 1 L of the filtered samples is transferred into Schott bottles, followed by the
addition of 100 mL of scintillator to the samples.

3.3.3. Reagents and solutions

The scintillator was prepared by measuring 4.0 g of 2,5-diphenyloxazole (PPO)
and 0.4 g of 1,4-bis(5-phenyloxazol-2-yl)-benzene (POPOP), which were then added
to 1 liter of toluene of scintillation grade [83].

To guarantee a uniform dissolution in the solvent, the scintillator was stirred for
a duration of 24 h. In this way, 100 mL of the scintillator was added to the 1 L water
samples and allowed to incubate for a period of three weeks. Finally, 20.0 mL of the
liquid scintillation cocktail was transferred into a polyethylene vial and promptly
measured by liquid scintillation counting (LSC).

The liquid scintillation counter was utilized to measure the scintillation cocktail
twice, with each cycle lasting 100 min. The counting method followed protocol 18 of
Packard TRICAB 2700. The concentration of 226Ra was determined by calculating
the total alpha peaks of 226Ra and its daughters (222Rn) in the alpha spectrum region
[84].

3.3.4. Results
The range of these concentrations for the filtered sample is from 0.1095 Bg/L to
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0.40

0.5483 Bg/L. Notably, the highest concentration is observed at the Manik Urai Bridge.
It is worth saying that the activity concentrations of 226Ra from all 13 areas have
surpassed the limit established by the Interim National Water Quality Standards for
Malaysia (INWQS), which states that the activity concentration of 226Ra in water
should not surpass 0.1 Bg/L. These findings suggest that 226Ra is dissolved in the
water rather than merely being attached to suspended solids.

There are three particular sections of sampling in the study area, which are
characterized by the small Sok River joining the Sok River and later joining the Lebir
River. These rivers exhibit a progressive increase in size, starting from a small stream
and gradually changing into a larger river. The collected information indicates a
consistent pattern over all sections, where the activity concentration of 226Ra in each
river section increases as the water flows downstream. This suggests that there may
be a buildup of 226Ra in the water due to erosion within the river basin. Figure 13a—
¢ depicts the measured activity concentrations of 226Ra in all sections of the study
area.
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Figure 13. Activity concentrations of 226Ra measured along the 3 river sections in the study area [81].

Figure 14 illustrates the activity concentration of 226Ra over the three sections
within the study area. The information reveals a recognizable pattern, with the highest
activity concentration observed in the downstream sample. This suggests that various
tributaries contribute varying amounts of 226Ra, influenced by the geological
characteristics of the river basin. To find out the primary source of radium along this
river, additional research is imperative.
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Figure 14. Activity concentration of 226Ra along 3 different sections in the study

area [81].

In general, the samples show an activity concentration of 226Ra that surpasses
the limit established in the INWQS. This can be attributed to the fact that the area,
particularly the river basin, is situated within a granitic region that contains natural
radionuclides. Among these radionuclides, 238U and 232Th play a significant role as
they give rise to decay products that include 226Ra and 228Ra. However, due to its
relatively short half-life, the contribution of 228Ra is considerably less significant
compared to that of 226Ra. From a health risk perspective, the presence of radon and
thoron, which are the decay products of radium, is of greater concern as they exist in
gaseous form and can dissolve in water (Table 5).

Table 5. Activity concentration 222Rn and annual effective dose of 226Ra in river water from different locations in

Kelantan [81].

Sample code Ra (Bag/L) Rn (Bg/L) Estimated annual effective dose (mSv/year)
Lebir River

L1 0.050 +0.7415 3.8911 +0.41 0.0964
L2 0.042 +0.4510 3.7540 +0.35 0.0922
L3 0.041 +0.4998 4.1577 +£0.34 0.1022
L4 0.033+0.5483 4.4326 £0.27 0.1121
Sok River

S1 0.1095 +0.049 0.8836 +0.40 0.0224
S2 0.2203 +0.036 1.7834 +0.29 0.0450
S3 0.3613 +0.039 2.9056 +0.32 0.0739
S4 0.3732 +0.030 3.0353 £0.24 0.0763
Small Sok River

T1 0.1491 +0.045 1.2073 +0.37 0.0305
T2 0.3569 +0.031 2.8880 +0.25 0.0730
T3 0.2803 +0.034 2.2652 +0.28 0.0573
T4 0.3524 +0.033 2.8400 +0.27 0.0720
T5 0.3466 +0.033 2.8211 +0.27 0.0708
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When assessing the annual effective dose in the river water samples, it is expected
that there will be a few contributions from naturally occurring radionuclides in the
granitic area, as well as through the decay series of uranium and thorium in the soil
[85].

The annual effective dose falls within the range of 0.0224-0.1531 mSv/year, as
shown in Table 1, which is determined through the following equation: Yearly
effective dose = 730 L/yr x 2.8 < 10™* mSv/Bq x activity concentration of 226Ra
(Ba/L).

The calculation of the annual effective dosage for water consumption by adults
in this region, who depend on river water as their primary water supply, was
conducted. It was determined that the annual drinking amount is 730 L/yr, assuming
that an adult consumes 2 L of water per day. The dose conversion factor for 226Ra is
2.8 x107" Sv/Bq [86]. As per the regulation set forth by the Polish Ministry of Health
in 2002, the annually permissible effective dosage for all radionuclides, with the
exception of tritium, must not surpass 0.010 mSv/year [86].

4. Health implications

The terrestrial environment is full of naturally occurring radioactive material, or
NORM, which can be hazardous to human health [87]. Globally, the typical person
receives 3.0 mSv annually. Radiation exposure from radon and thoron sources is the
biggest source of dosage among all public radiation exposure sources. 42% of the
annual absorbed dose globally is attributed to exposure to these radionuclides in the
air and water. Upon entering the body, radionuclides are dispersed differently
according to their shapes, chemical characteristics, and exposure pathways. When
assessing the possible impacts of exposure, this causes variable accumulation and
excretion that needs to be taken into consideration. It is significant to remember that,
on average, NORM accounts for only about half of the radiation exposure that the
general public experiences; the other half is attributed to man-made sources, mostly
medical treatments [88].

The most concentrated dose of NORM is obtained from inhaling radon and
thoron into the lungs. The decay of these radionuclides exposes the mouth, airways,
and lung tissue to alpha particles directly after inhalation. Because of their incredibly
short half-lives (microseconds to minutes), the decay products of radon and thoron can
expose lung tissue to additional radiation in addition to the initial decay of these
radionuclides in the lungs. They can even dissolve into the airway surface fluid and be
absorbed into the blood stream through the lung [89]. The primary means of ingesting
radionuclides is through contaminated drinking water and radionuclide-containing
food. Once within the gastrointestinal tract, radionuclides can be taken up by active
transport, passive diffusion, or both [90].

The largest single health effect of NORM exposure is the development and
encouragement of cancer. The strongest evidence for the link between environmental
exposure to NORM and cancer comes from exposure to 220Rn and 222Rn. Numerous
epidemiological studies conducted on U miners and the general public indicate that
there is probably a causal relationship between lung cancer and exposure to
220Rn/222Rn [91,92].
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5. Conclusion

Understanding radioactivity begins with understanding its origin, whether it is
primordial or cosmogenic. Radioactivity surrounds humans from each direction, and
in this review, we tried to concentrate on its geological direction and how it can affect
the environment and humans. Exposure to radiation can lead to many health risks by
exceeding the permissible limit of radiation in the air, water, and dust. Spectrometry
scientists have developed applications in which we can measure the emitted radiation
emanating from rocks.

We shed light on some of the methodologies that are used to measure NORM
radiation and how they work, their advantages and disadvantages, and their theories,
semiconductor detectors like the high-Purity germanium detector and the thallium
activated sodium iodide detector Nal(TI), the liquid scintillation counting (LSC)
technique.

Using the environmental samples matrix standard with both single-photon
emitting nuclides mixed standard QCY40 containing 210Pb, 241Am, 109Cd, and
57Co, and the second QCY48 containing 241Am, 109Cd, Co57, 139Ce, 113Sn, 85Sr,
137Cs, 88Y, and 60Co, the absolute full-energy peak efficiency of high purity
germanium (HPGe) detectors has been measured between (46, 54 and 1836) keV. The
energy of the gamma rays, the geometry, the density, the height of the soil sample, and
the detector characterization all affect efficiency.

In the first case study, the results of measuring radioactivity with a Nal(Tl)
detector were compared to laboratory measurements made on geological samples
using HPGe detectors. This is an important issue for analytical laboratories as it is the
result of the IAEA procedure’s proficiency test for all analytical determinations that
are received as “acceptable” for all radionuclides. It should be mentioned that there
are noticeable variations in both detector parameters’ results. One possible cause of
the mean mismatch between the Nal(T1) and HPGe detectors could be an unidentified
sample material.

Using a gamma ray spectrometer setup, the complete energy peak efficiencies of
the Nal(TI) detector were experimentally determined in the energy range of 1460 keV
to 2614 keV. The results show that despite its poor energy resolution, a Nal(TI)
detector has a high efficiency, making it suitable for use in a variety of research
applications.

In the second case study, the unusually high levels of radionuclides found in
ground water in Ede and the surrounding settlements can only be attributed to geology,
not to any other human activity. Therefore, it is necessary to conduct a regional
radionuclide evaluation of groundwater in order to ascertain the spatial extent of these
anomalous concentrations, the effects they have on local organic species, and any
potential groundwater treatment plans before they are used. We also propose that
comparable studies be conducted in pegmatite bedrock regions worldwide, since high
activity might not be completely ruled out given that these rocks had a similar
fractional crystallization sequence and focused on high concentrations of big ion
lithophile elements.

In radionuclide metrology, liquid scintillation counting techniques are frequently
applied for both the standardization of pure beta and an increasing number of
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radionuclides with more complex decay schemes. The primary benefit of LSC is its
ability to quickly and simply prepare sources, which enables short-lived radionuclides
to be standardized. The invention of the free parameter model allows one to use a
tracer methodology, like the CIEMAT/NIST method, to determine detection
efficiency. The majority of national radionuclide metrology laboratories currently
employ LSC procedures, which have resulted in a growing number of radionuclides
being standardized over time. While there is still need for improvement in quantitative
LSC procedures, LSC standardization techniques have advanced significantly and are
now widely used in radionuclide metrology.

In the third case study, the samples of river water show that the concentration of
226Ra in the samples is higher than the INTERIM National Water Quality Standards
for Malaysia (0.1 Bg/L). The values for the annual effective dose of water have also
surpassed the 0.01 mSv/yr international guideline value.

There are naturally occurring radioactive materials everywhere in the
environment, and both the general population and radiation workers are at risk for
health problems. With 220Rn and 222Rn gas accounting for 42% of the global public
radiation dose, exposure to these gases in the air presents the greatest risk to public
health among NORM. changes done to the environment, like resource extraction and
drilling. Reducing the overall risk of cancer and limiting possible exposure require
regulating the spread of NORM through human activities.
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