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Abstract This study investigated the radioactiv-
ity of groundwater and bottom silt from wells in
southern Sinai, Egypt. Eight well sites were chosen
(Abu Redis, Abu Zenima, and Al-Tor) and compos-
ite samples of water and silt were created from each.
Southern Sinai well water (Egypt) was safe for drink-
ing based on tested elements (**Ra<300 Bg/L,
22Th< 100 Bg/L). However, some bottom silt sam-
ples showed elevated 226Ra, 232Th, and ***Rn-, poten-
tially posing health risks through inhalation or inges-
tion. Further investigation is needed on these specific
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1 Introduction

Radioactive materials can naturally occur in ground-
water and soil, and depending on the levels, they
may pose health risks. This study investigates the
radioactivity of groundwater and bottom silt from
wells in southern Sinai, Egypt. The researchers spe-
cifically chose well sites in Abu Redis, Abu Zenima,
and Al-Tor to assess potential radioactivity levels in
these areas. By analyzing the water and silt samples,
the study aimed to determine if the radioactivity fell
within safe limits for drinking water and habitation.
The safe disposal of radioactive waste remains
a significant global challenge. While deep geologi-
cal repositories are often considered the most secure
option, concerns persist regarding potential long-term
leakage and contamination of surrounding environ-
ments. investigated natural radioactivity levels in
groundwater from a Saharan aquifer in Algeria. It
highlights the importance of such studies in desert
regions where water resources are limited (Sellaoui
et al., 2016). Desert regions, frequently chosen for
waste burial due to their low population density and
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seemingly stable geology, present unique concerns
(Ewing, 2016). This study investigates the potential
for radioactive contamination of groundwater and
silt in desert wells situated near radioactive waste
disposal sites. Here, we explore the possibility of
radioactive materials migrating from buried waste
and reaching nearby water sources. The focus is on
desert environments, where factors like low precipi-
tation and high evaporation rates can influence the
movement of contaminants. Several studies have
documented the dangers of radioactive contamina-
tion in groundwater. (Ai et al., 2020; Zhang et al.,
2024) Research by Kim et al. (2016) (Ai et al., 2020)
highlights the risks associated with radionuclide
migration from nuclear facilities, emphasizing the
importance of monitoring groundwater quality near
such sites. Similarly, a study by Wang et al. (2018)
(Zhang et al., 2024) investigates the long-term behav-
ior of radioactive isotopes in groundwater systems,
underlining the potential for persistent contamination.
Desert environments pose additional challenges. Silt
accumulation in wells can act as a trap for contami-
nants, potentially concentrating radioactive materials
over time. The work of Zhang et al. (2019) (Zhang
et al., 2019) explores the interaction of radionuclides
with desert soil components, highlighting the poten-
tial for long-term retention within the desert ecosys-
tem. This study aims to contribute to a growing body
of research on the potential consequences of radio-
active waste disposal in desert regions. By analyz-
ing groundwater and silt samples from wells near a
designated waste burial site, we hope to gain valuable
insights into the risks of radioactive contamination in
these arid environments.

Due to minimal weathering and erosion, desert
soils tend to concentrate naturally occurring radio-
active elements like Radium (**°Ra) and Thorium
(**’Th) present in the underlying rocks. This can lead
to higher levels of radioactivity in groundwater and
surface water compared to other regions. Non-desert
areas, In areas with more active weathering and ero-
sion, these radioactive elements are dispersed and
diluted, resulting in lower background radioactivity
levels in water bodies. Human activities like min-
ing, uranium exploration, and nuclear waste disposal
can significantly contribute to radioactivity in desert
water bodies. These activities can introduce addi-
tional radioactive contaminants into the environment.
While human activities can also affect radioactivity
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in non-desert water bodies, the impact is often less
pronounced due to the higher background levels and
the greater dilution effect of water resources [29.30].
The horizontal distribution of groundwater can vary
significantly depending on several factors, but here
are some key characteristics. Topography, Higher
elevations: Groundwater tends to flow from areas of
high elevation (recharge zones) towards lower eleva-
tions (discharge zones). This creates a topography-
driven horizontal flow pattern. Valleys, Groundwater
often accumulates in valleys, where it’s closer to the
surface. Permeability, The permeability of the rock
and soil layers plays a crucial role. Highly perme-
able materials like sand and gravel allow for easier
groundwater movement, leading to a more even dis-
tribution. Less permeable materials like clay can cre-
ate barriers and pockets of stagnant water. Aquifers:
Groundwater primarily flows through saturated rock
and soil formations called aquifers. The type of aqui-
fer (confined vs. unconfined) and its geological struc-
ture influence the horizontal distribution. Confined
aquifers have impermeable layers above and below,
restricting horizontal flow compared to unconfined
aquifers [31.32].

Desert communities, often isolated and reliant on
limited water resources, face a unique environmental
challenge — the potential contamination of their vital
groundwater supplies (Bhandari et al., 2018). While
the image of a shimmering oasis might evoke seren-
ity, the reality is that desert wells can become unwit-
ting repositories of harmful pollutants (Offstein et al.,
2017). One such threat comes from the insidious pres-
ence of radioactive materials. This study delves into
the concerning issue of radioactivity in desert well
water and the role of silt in its potential spread (Wang
et al., 2018). By exploring the presence of radioactiv-
ity in desert well water and the role of silt, this study
aims to contribute to a growing body of research
focused on protecting these vital resources and ensur-
ing the safety of desert communities. The disposal of
radioactive waste remains a significant environmen-
tal concern. While deep geological repositories are
often considered the most secure option, the potential
for radioactive materials to migrate into surrounding
groundwater and soil raises serious health and eco-
logical risks. This is particularly worrisome in arid
regions where desert communities rely heavily on
well water for drinking and irrigation (IAEA, 2021).
This study investigates the potential for radioactive
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contamination of groundwater and silt in desert wells
located near the burial sites of radioactive waste.
Here, we explore the concerning possibility of radio-
active contamination in desert well water and sur-
rounding sediments. Several studies have highlighted
this risk (Epa, 2020). By examining the potential for
radioactive contamination of desert well water and
silt, this study aims to contribute to a growing body
of research focused on the safe and sustainable man-
agement of radioactive waste disposal, particularly in
sensitive desert environments.

2 Materials and Methods
2.1 Sample Collection and Preparation

Eight groundwater and corresponding bottom silt
samples were collected from wells located in southern
Sinai, Egypt (Abu Redis, Abu Zenima, and Al-Tor).
Abu Redis: This appears to be a smaller town located
on the western coast of the Gulf of Suez, north of
the much larger town of El Tor. Abu Zenima: This
appears to be a larger town on the eastern coast of the
Gulf of Suez, directly opposite El Tor. It’s important

Fig.1 A Location map

to note that the scale of the map might not allow for
precise pinpointing of the well locations within these
towns Fig. 1A. To create representative composite
samples, five subsamples were obtained from each
well and thoroughly homogenized for both water and
silt fractions. Each sample was weighed and assigned
a unique identifier (W for water, S for silt). Water
Samples: Five liters were collected from each well. In
the laboratory, water and silt samples were transferred
into Marinelli packed sealed 300 cm® containers and
left for 25 days to reach equilibrium. Silt Samples:
Samples were air-dried in natural sunlight to remove
surface moisture and then oven-dried at 110 °C for
24 h. Subsequently, they were sieved through a 200-
um mesh to achieve a uniform particle size <200 pm.
This aging period allowed for secular equilibrium
between 2%° and ??®Ra, a prerequisite for accurate
radon concentration measurements. CR-39 plastic
track detectors (2 cm X2 cm, Track Analysis Systems
Ltd.) were positioned inside each container lid before
sealing. These standard radon detectors capture tracks
formed when alpha particles from radon gas interact
with the detector material. The number of tracks per
unit area directly correlates to the radon gas concen-
tration within the water and silt samples.
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Fig. 2 HPGe detector system produced by the American com-
pany Ortec

Fig. 3 Water and silt samples were preserved and numbered in
MARINELLI beaker before measurement

2.2 Natural Radioactivity Analysis
2.2.1 Radioactivity Analysis

Natural radioactivity levels in the samples were quan-
tified using a high-purity germanium detector (HPGe)
manufactured by Ortec USA, with 70% counting effi-
ciency (Fig. 2 and 3). Data acquisition and analysis
were performed with Ortec’s MAESTRO-32 soft-
ware. To ensure measurement accuracy, both energy
and efficiency calibrations were conducted using a
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commercially available multi-nuclide standard source.
Density, 1.0 g/cm® is a typical density for water at
standard temperature and pressure. It’s unlikely that
the isotope product has the same density as water. Vol-
ume and container, the isotope product has a volume of
1.300 mL (milliliters), which is equivalent to 1.300 cm®
(cubic centimeters) only if dealing with water (Meas-
urement of Radionuclides in Food & the Environment,
2007). For other substances, the volume in mL won’t
necessarily translate directly to cm®. Container size:
The isotope product is housed in a 250-mL cylindrical
container. If the isotope product itself has a volume of
1.300 mL, it would likely occupy a significant portion
of the container’s volume (more than half). This stand-
ard source encompassed a diverse range of radionu-
clides (*°Cd, ' Am, '**Te, 57Co, ''3Sn, °'Cr, ¥sr, 3%y,
137Cs, and °Co), facilitating full-energy peak efficiency
calibration across a broad energy spectrum (80 keV to
2500 keV). Activity concentrations of **°Ra were deter-
mined by analyzing the gamma-ray emissions of its
progeny, 2!“Pb and >'*Bi, at their characteristic energies
of 351.9 keV and 609.3 keV, respectively. Similarly,
activity concentrations of 2**Th were ascertained in the
silt sample (Naturally Occurring Radioactive Materi-
als) scale residue samples by measuring the gamma-ray
lines emitted by its decay products, 2*%Ac and 2%¥TI, at
911.1 keV and 583.1 keV, respectively (Beckhoff et al.,
2008). Finally, the activity concentration of naturally
occurring *° K was directly measured using its distinc-
tive gamma-ray peak at 1460 keV.

2.2.2 Physical Properties

Appearance: Generally colorless and odorless, though
it might have a slight turbidity due to suspended par-
ticles. Temperature: the cooler than surface water due
to the insulating effect of the ground. However, in
some cases, geothermal activity can elevate ground-
water temperature. Electrical conductivity (EC): This
high was due to dissolved salts, especially in arid
environments where evaporation concentrates miner-
als. pH: range from slightly acidic to slightly alkaline
depending on the minerals present.

2.2.3 Chemical Properties
Major dissolved ions: include calcium (Ca2+), mag-

nesium (Mg2+), sodium (Na+), potassium (K+),
chloride (Cl-), sulfate (SO4%), and bicarbonate
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(HCO3"). The specific dominant ions will depend on
the local geology. Total dissolved solids (TDS): This
refers to the total amount of dissolved minerals in the
water. It is high in desert well water due to evapora-
tion. Trace elements: the well water contains trace
elements like iron (Fe), manganese (Mn), arsenic
(As), and fluoride (F~) depending on the rock forma-
tions it interacts with. Organic matter: The level of
organic matter is low due to limited vegetation and
biological activity in desert environments.

2.2.4 Relationship to Radioactive Elements

Desert groundwater contain natural radioactive ele-
ments like Radium (**°Ra) and Thorium (**’Th).
This occurs because minimal weathering and ero-
sion in desert environments lead to a concentration
of these elements in the soil, which can then leach
into the groundwater. Impact on Properties: Radio-
nuclides can affect the water’s physical and chemical
properties. For example, they can increase electrical
conductivity and influence pH. Health Risks: Radio-
nuclides in drinking water can pose health risks with
prolonged exposure, potentially causing issues with
kidneys, bones, and even increasing cancer risk.

2.3 Radon Concentration Measurement in Water and
Silt Samples

CR-39 plastic track detectors are a widely employed
technique for quantifying the rate of radon exhalation
from materials. However, these detectors require cali-
bration to convert the number of detected alpha parti-
cles into a radon gas concentration (IAEA (International
Atomic Energy Agency) 2018). The measurement pro-
cess involves placing samples within a standardized
cylindrical container with a diameter of 3.5 cm and a
length of 10 cm. Dosimeters are prepared by attaching
two CR-39 detectors (each 250 pm thick and 2 cm? in
area) to the underside of the container lid before seal-
ing. Following this preparation, the samples undergo a
minimum of 25 days of storage to allow for radon gas
accumulation. The sealed cup technique serves as the
chosen method for determining the radon concentra-
tion emanating from the silt samples (Abu-Jarad et al.,
2019). This technique relies on enclosing the sample
within an airtight container, enabling radon to accu-
mulate within the headspace over a designated period.
The CR-39 detectors capture alpha particles emitted by

the accumulated radon gas. After an exposure time of
45 days, the detectors are etched using a 6.25 N sodium
hydroxide (NaOH) solution at 60°C for 6 h. This estab-
lished sealed cup technique offers a simple and reliable
method for quantifying radon concentration within silt
samples (Fig. 4) (Knoll, 2010).

2.4 Activity Concentration Calculations

To isolate the actual radioactivity levels in the sam-
ples, background radiation was subtracted from each
measurement (IAEA (International Atomic Energy
Agency) 2018). The activity concentration for each
identified gamma-ray line was determined by con-
sidering the sample mass, gamma decay branching
ratios, and counting time. All samples were measured
under identical conditions to ensure consistent detec-
tor efficiency and counting time, as recommended by
Knoll (2010). Equation 1 depicts the formula used to
calculate the activity concentration (A) in Becquerel
per kilogram (Bg/kg) for each sample:

A= (CPS),,/(IXEp X M) )

where: (CPS),.: Net counts per second, (I): Intensity
of the specific gamma-ray line for the targeted radio-
nuclide, (Eg): Measured efficiency for the detected
gamma-ray line and (M): Mass of the sample in kilo-
grams (Measurement of Radionuclides in Food & the
Environment, 2007). A correction factor was applied

to account for the potential interference of 2327,
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Fig. 4 A schematic diagram of the sealed-cup technique
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specifically its daughter nuclide *®Ac (emitting a
gamma ray at 1459.2 keV), on the measurement of
40K (emitting a gamma ray at 1460.8 keV) (Meas-
urement of radioactivity in food & the environment
- Guidance on sampling, measurement & uncertainty
estimation., 2016). Equation 2 illustrates the formula
used for this correction:

Error in**K activity (%) = 9.3(Ap,/Ag) 2)

where: (A,,) Activity concentration of 232Th (Bg/kg),
(Ag) Activity concentration of 40K (Bg/kg).

2.5 Minimum Detectable Activity Concentration
(AMDC)

This section explores the calculation of the mini-
mum detectable activity concentration (Aypc) for
radionuclides identified in the water and silt sam-
ples. Aypc represents the lowest level of confi-
dence. Equation 3 depicts the formula used to cal-
culate Aypc (Measurement of Radionuclides in
Food & the Environment, 2007):

Aypc(Bg/kg) = FC + cNB /e (3)

where: FC: Statistical coverage factor (typically set at
1.64 for a 95% confidence level), oyp: Standard devi-
ation of the background signal within the region of
interest and e: Detector efficiency (Knoll, 2010). The
study determined the following minimum detectable
activity concentrations: 0.6 Bg/kg for °Ra, 0.3 Bq/
kg for *Th, and 6.2 Bg/kg for “°K (Measurement of
radioactivity in food & the environment - Guidance
on sampling, measurement & uncertainty estimation.,
2016). These values indicate that the instrument pos-
sesses the capability to detect these radionuclides at
activity levels as low as 0.6 Bg/kg for 2?°Ra, 0.3 Bg/
kg for 2**Th, and 6.2 Bq/kg for “°K, with a 95% con-
fidence level. The average minimum detectable activ-
ity concentration across all investigated radionuclides
was estimated to be 1.4 Bg/kg. In simpler terms, this
signifies that the instrument can, on average, reliably
detect radionuclide concentrations as low as 1.4 Bg/
kg with a 95% confidence level.

@ Springer

2.6 External Gamma Radiation Exposure
Assessment

This section evaluates the potential external gamma
radiation exposure arising from the water and silt (Nat-
urally Occurring Radioactive Materials) samples. Equa-
tion 4 serves as the basis for calculating the absorbed
dose rate in air, specifically one meter above the ground
surface, attributable to gamma radiation emitted by
226Ra, 232Th, and *°K within the samples (Radiation
Protection & Safety in Ionizing Radiation Applications,
2014a). The following equation (Eq. 4) estimates the
absorbed dose rate (National Council on Radiation Pro-
tection and Measurements (NCRP) 2005):

Absorbed Dose Rate(mGyh_l)

= 0.00916"Ag, + 0.00611*A4;, + 0.00133% A

“
where: (Ag,) Activity concentration of 226Ra (Bg/
kg), (Ag,) Activity concentration of 232Th (Bg/kg)
and (Ag) Activity concentration of 40K (Bg/kg).
This equation allows for an estimation of the poten-
tial radiation dose an individual might receive when
standing in close proximity to the water and silt sam-
ples. The recommended limit for absorbed dose from
external gamma radiation exposure is 0.059 mGy h!
(National Council on Radiation Protection and Meas-
urements (NCRP) 2005). This signifies that the com-
bined absorbed dose rate from 2*°Ra, 23?Th, and *“°K
must not exceed this established limit. It’s important
to recognize that the absorbed dose rate represents
just one factor contributing to an individual’s total
radiation dose. Additional considerations include the
duration of exposure near the samples and the pres-
ence of any shielding materials that could attenuate
the radiation exposure (UNSCEAR (United Nations
Scientific Committee on the Effects of Atomic Radia-
tion) 2008).

2.7 Annual Effective Dose Equivalent (AEDE) from
Gamma Radiation

This section explores the calculation of annual effective
dose equivalent (AEDE) arising from external gamma
radiation exposure for adults. Equation 5 serves as the
basis for this calculation (The, 2007 Recommendations
of the ICRP 2007):
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Annual Effective Dose Equivalent (mSv y_l)
= F)/ X Dahs X Texp x 0.7 (5)

where: (F,) Conversion factor for gamma rays (0.7
Sv Gy’l), (D,,,) Absorbed dose rate (mGy h, (Texp)
Annual exposure time (hours) (National Council on
Radiation Protection and Measurements (NCRP)
2005). The equation incorporates a typical occupancy
factor of 0.7. This factor represents the estimated
fraction of a year an individual spends in the exposed
location. Occupational settings necessitate a differ-
ent approach. Equation 6 is employed to calculate the

annual effective dose (Agp) in such environments:

Annual Effective Dose AED (mSvy_l)
=Dy X02X%F, xT,, x0.7 (6)

The factor of 0.2 in Eq. 6 accounts for the
increased exposure duration typically encountered
in occupational settings (National Council on Radia-
tion Protection and Measurements (NCRP) 2005). It’s
important to note that these equations provide esti-
mations, and the actual Agppp may deviate based on
several factors. These factors include the presence of
shielding materials and the individual’s distance from
the radiation source. The calculated annual effective
dose from gamma rays should be considered in con-
junction with the global average background radiation
level of 0.460 mSv y! (National Council on Radia-
tion Protection and Measurements (NCRP) 2005).

2.8 Annual Gonadal Dose Equivalent (AGDE)

This section delves into the estimation of the annual
gonadal dose equivalent (Agpg), which represents
the average yearly radiation dose absorbed by the
reproductive organs of an exposed population. Equa-
tion 7 serves as the basis for this calculation, utilizing
the activity concentrations of *°Ra, 2**Th, and “°K
measured in the water and silt samples (UNSCEAR
(United Nations Scientific Committee on the Effects
of Atomic Radiation) 2008). Equation 7:

AGDE(mSv y_l) =3.09 % Ay, +4.18 % Ay,
+0.314 x Ag(mSvy™') (7
where: (Ag,) Activity concentration of 226Ra (Bq/

kg), (Aq,) Activity concentration of 22Th (Bqg/kg)
and (Ay) Activity concentration of *°K (Bg/kg). It’s

crucial to note that the Agpp calculation presented
here presupposes the availability of the annual
effective dose equivalent (Agpg) for adult expo-
sure, obtainable from either Eq. 5 or Eq. 6 (refer to
Sect. 2.7) (The, 2007 Recommendations of the ICRP
2007). The varying conversion factors (3.09, 4.18,
and 0.314) within Eq. 7 account for the differential
sensitivities of various tissues to radiation. Compared
to other organs, the gonads exhibit a heightened sus-
ceptibility to radiation, which is reflected in these fac-
tors. It’s important to recognize that Eq. 7 provides
an estimated Agpg, and the actual value may deviate
due to several factors (National Council on Radiation
Protection and Measurements (NCRP) 2008). These
factors encompass the age and sex distribution of the
exposed population, as well as the presence of any
shielding materials that could attenuate the radiation
exposure.

2.9 Radiological Risk Assessment of Water and Silt
Samples

Water and silt samples accumulating in wells can har-
bor significant quantities of naturally occurring radio-
active materials such as 22°Ra, 2*2Th, and *°K. These
radionuclides emit gamma rays, which pose a poten-
tial health risk to humans. To quantify the radiological
risks associated with these samples, a suite of param-
eters is employed: Radium Equivalent (Ra,): This
parameter provides a combined metric for gamma-ray
exposure from **°Ra, 2**Th, and *“°K within the sam-
ple. External Hazard Index (H,,): This index specifi-
cally evaluates the external gamma-ray exposure haz-
ard stemming from the water and silt sample. Internal
Hazard Index (H;,): This index signifies the potential
for internal exposure if the radionuclides are inhaled
or ingested (Radiation Protection & Safety in Ionizing
Radiation Applications, 2014b). Gamma Index (I,):
This parameter offers an overall measure of gamma-
ray exposure arising from the sample. Activity Uti-
lization Index (A¢y;): This index reflects the efficiency
with which the sample’s radionuclides produce gamma
rays. Established global averages exist for these param-
eters (Raeq: 370 Bg/kg, H,,: 0.4, Hin: 0.2, Iy: 0.6, and
Ay 0.5) (National Council on Radiation Protection
and Measurements (NCRP) 2009). Water and silt sam-
ples exceeding these average values warrant further
investigation due to a potentially elevated health risk.
It's noteworthy that 98.5% of the radiological effects
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attributable to the >*®U decay series can be ascribed
to 2?%Ra. This underscores the importance of **’Ra as
the primary radionuclide of concern when assessing
the radiological hazards associated with water and silt
samples. Finally, it’s crucial to recognize that the radi-
ological risks posed by water and silt samples depend
on both the specific radionuclide composition and the
exposure scenario. For example, samples with high
concentrations of *2°Ra and 2**Th pose a greater health
threat compared to those with lower activities of these
radionuclides. This section explores the application of
several parameters to quantify the radiological risks
associated with water and silt sample. These parameters
provide insights into the potential for gamma-ray expo-
sure and internal contamination (UNSCEAR (United
Nations Scientific Committee on the Effects of Atomic
Radiation) 2008).

2.9.1 Radium Equivalent (Ra,,)

Radium equivalent (Raeq) serves as a metric for the com-
bined gamma-ray exposure arising from the presence of
226Ra, 232Th, and *°K within a material. Equation 8 facil-
itates the calculation of Ra,, (Basic Safety and Stand-
ards: The IAEA Basic Safety Standards (https:, , www.
iaea.org, resources, safety-standards) offer recommenda-
tions for radiation protection, including dose rate limits
for various exposure scenarios. XXXx):

Ra,,(Bq/kg) = Ag, + 1.43 x Ay, + 0.077 x A (8)

where: (Ag,) Activity concentration of **Ra (Bg/
kg), (Ag,) Activity concentration of 232Th (Bg/kg)
and (Ag) Activity concentration of 40K (Bg/kg). The
conversion factors (1.43 and 0.077) account for the
differences in gamma-ray energies emitted by 2*>Th
and “K compared to ??°Ra. Raeq is a valuable tool
for assessing the radiological hazards of water and silt
sample because it incorporates the contributions of all
three prominent radionuclides. A recommended limit
of 370 Bg/kg has been established for Raeq (National
Council on Radiation Protection and Measurements
(NCRP) 2005). water and silt sample exceeding this
limit warrant further investigation due to a potentially
elevated health risk.
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2.9.2 External and Internal Hazard Indices (Hex,
Hin)

External hazard index (H,,) and internal hazard index
(Hin) are additional parameters employed to evalu-
ate the radiological risks associated with water and
silt sample. External Hazard Index (H.,): This index
specifically assesses the external exposure hazard
stemming from gamma-ray emissions. Equation 9
calculates H_, (National Council on Radiation Protec-
tion and Measurements (NCRP) 2009; Radiation Pro-
tection & Safety in Ionizing Radiation Applications,
2014b;):

H, = Ra,,/370 Bq/kg + Ar,/259 Bq/kg
+ Ay /4810 Bq/kg )

where: (Raeq) Radium equivalent (Bg/kg), Internal
Hazard Index (H;,): This index focuses on the poten-
tial for internal exposure to radon, a recognized car-
cinogen. Equation 10 provides the calculation for H;,
(Radiation Protection & Safety in Ionizing Radiation
Applications, 2014b):

H,, = Ag,/185 Bq/kg + A, /259 Bq/kg
+ Ay /4810 Bq/kg (10)

where: (Ag,) Activity concentration of ,,Ra (Bq/
kg), (Ag,) Activity concentration of 232Th (Bg/kg)
and (Ag) Activity concentration of 40K (Bqg/kg). For
both H,, and Hin, values below 1 are generally con-
sidered insignificant concerning radiological hazard
(National Council on Radiation Protection and Meas-
urements (NCRP) 2009).

2.9.3 Gamma Index (1,)

The gamma index (Iy) serves as a comprehensive
metric for quantifying the gamma-ray exposure aris-
ing from water and silt sample. Equation 11 facilitates
the calculation of I, (Radiation Protection & Safety in
Ionizing Radiation Applications, 2014b):

I, = Ag,/300 Bq/kg + A, /200 Bq/kg
+ Ak /3000 Bq/kg an
where: (Ag,) Activity concentration of 226Ra (Bq/
kg), (Ay) Activity concentration of 22Th (Bq/kg)

and (Ag) Activity concentration of 40K (Bg/kg). The
European Commission has established guidelines
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that categorize the potential radiological hazard of
water and silt samples based on Iy values (Landman
et al., 2011): Negligible Radiological Hazard: I, val-
ues below 0.5. Low Radiological Hazard: I, values
between 0.5 and 1. It’s crucial to recognize that Iy is
just one piece of the puzzle when assessing radiologi-
cal risk. Other factors, such as the physical form (e.g.,
dust, solid) of the water and silt sample and the spe-
cific exposure scenario (ingestion, inhalation, etc.),
significantly influence the overall hazard (National
Council on Radiation Protection and Measurements
(NCRP) 2009).

2.9.4 Activity Utilization Index (AUI)

The activity utilization index (Ay;) serves as a metric
for evaluating the efficiency with which radionuclides
within water and silt sample emit gamma rays rela-
tive to their activity concentration. In simpler terms,
Ay reflects how effectively the radioactive materi-
als in the water and silt sample translate their inher-
ent radioactivity into gamma radiation. Equation 12
facilitates the calculation of Ay; (National Council
on Radiation Protection and Measurements (NCRP)
2009; Radiation Protection & Safety in Ionizing
Radiation Applications, 2014b;):

Ay = Ago/50 % Cf g, + Ag, /50 % Cf , + A /500 % Cf

12)
where: (Cfg,) Conversion factor for **°Ra (0.462)
(nGy h™! per Bg/kg), (Cfy,) Conversion factor for
22Th (0.604) (nGy h! per Bg/kg) and (Cfy) Con-
version factor for “°K (0.041) (nGy h! per Bg/kg).
The Ay is expressed in units of nGy h™' per Bg/
kg (nanogray per hour per becquerel per kilogram).
Regulatory limits have been established for the activ-
ity concentrations (Bq/kg) of individual radionuclides
(226Ra, 232, 4OK) in water and silt samples, with a
recommended maximum of 50 Bg/kg for each. Con-
sequently, an ideal Ay; for water sample would be
below 50 nGy h™! per Bq/kg (UNSCEAR (United
Nations Scientific Committee on the Effects of
Atomic Radiation) 2008).

2.9.5 Radon Gas Concentration Measurement

This section details the methodology employed to
measure radon gas concentrations emanating from
water and silt samples.

2.9.6 Track Detection and Density Calculation

A CR-39 detector, a passive solid-state device, was
utilized to record tracks left behind by alpha parti-
cles emitted during radon decay within the samples.
The number of these tracks is directly proportional
to the concentration of radon gas present. Equa-
tion 13 facilitates the calculation of track density
(p) for each sample:

p(tracks/cm2 'd) =1000x (N/JAXT) (13)

where: (p) Track density (tracks/cm®-d), (N) Total
number of tracks counted, (A) Area of the detector
(cm?) and (T) Exposure time (days). Radon Gas Con-
centration and Effective Radium Content. The radon
gas concentration (Cg,) is determined using Eq. 14
(Landman et al., 2011):

Cra(Ba/m’) = ((p, = p)/p,) XN, T, (14)

where: (Cy,) Radon gas concentration (Bq/m3), (po)
Path density of the radioactive source (tracks/cm?-d),
(p) Path density of the sample (tracks/cm?-d), (N,)
Activity concentration of the radioactive source of
radium (Bq/kg) and (T,) Exposure time to a radioac-
tive element (days). Equation 15 allows the calcula-
tion of the effective radium content (Agg) within a
sample (Landman et al., 2011):

App(Bq/kg) = (p x kX Te)/(M X A X h) 15)

where: (Agp) Effective radium (Bg/kg), (p) Path
density (tracks/cm?-d), (k) Calibration factor of the
CR-39 detector (tracks/cm?>-d per Bg/kg), (Te) Effec-
tive exposure time (days), (M) Mass of the sample
(kg), (A) Cross-sectional area of the container hold-
ing the samples (cm?) and (h) Distance between the
detector and the top of the container (cm).
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2.9.7 Radon Exhalation Rate and Annual Effective
Dose

The radon exhalation rate (E,) is calculated using
Eq. 16 (Radiation Protection & Safety in lonizing
Radiation Applications, 2014b):

E,(Bq/kg - h) = (C/(a X T+ AV)) X A (16)

where: (Ex) Radon exhalation rate (Bg/kg-h), (C)
Radon concentration (Bq/m?), () Radon decay con-
stant (h™!), (T) Exposure time (h), (A) Decay con-
stant for the radioactive source of radium (h™!), (V)
Chamber volume (m®) and (A) Measured sample
mass (kg). Finally, Eq. 17 estimates the annual effec-
tive dose (Hp) for the public exposed to the radon gas
(UNSCEAR (United Nations Scientific Committee on
the Effects of Atomic Radiation) 2008):

Hy(mSv-y™')=CxFXTxD (17)

where: (Hp) Annual effective dose (mSv-y ), (C)
Radon concentration (Bq/mS), (F) Indoor occupancy
factor (0.4), (T) Total time in a year (hours) (8760
h-y!) and (D) Dose conversion factor ((mSv-y~')/
(Bg:m>)") (9% 106 (mSv-y )/(Bg:m~)") (Landman
etal., 2011).

3 Results

3.1 Radionuclide Activity Concentrations (Ag,, Ay,
Ap), Ra Equivalent (Ragy), and AUI in Water and
Silt Samples: Comparison with IAEA Limits

World Health Organization (WHO): Radon-226:
100 Bg/L, Thorium-238 (not directly regulated, but
often considered as part of total alpha activity): 20
Bg/L and Potassium-40: 10 mBg/L (milliBecquerel
per Liter). International Atomic Energy Agency
(IAEA): Radon-226: 300 Bg/L, Thorium-238 (similar
to WHO, considered as part of total alpha activity):
100 Bg/L and Potassium-40: 10 mBg/L. European
Union (EU): Radon-226: 100 Bq/L, Thorium-238:
100 Bg/L and Potassium-40: 10 mBgq/L. United
States Environmental Protection Agency (EPA): (It’s
important to note that the US EPA regulates drinking
water, and radon is a gas that primarily enters through
air exposure. However, these values can provide a
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reference point). Radon-226: 150 pCi/L (converted
to Bg/L: 150 pCi/L * 0.037 Bq/pCi=5.55 Bq/L),
Thorium-238: 5 pCi/L (converted to Bq/L: 5 pCi/L *
0.037 Bq/pCi=0.185 Bq/L), Potassium-40: 30 pCi/L
(converted to Bg/L: 30 pCi/L * 0.037 Bg/pCi=1.11
Bq/L).

Table 1 (Fig. 5) indicates: Radium-226 (Ra): The
IAEA limit for **Ra in drinking water is 300 Bq/L.
All samples in the table are in Bg/L, and none exceed
the 300 Bq/L limit. This is good news; the *?°Ra
levels in these samples fall within the IAEA’s rec-
ommended safe range for drinking water. Thorium
(**?Th): The statement "there is no permissible limit"
for 22Th isn’t entirely accurate. While the IAEA
doesn’t have a specific limit for 2T itself, it’s often
regulated through total alpha activity. This combined
activity includes alpha particles emitted by 2**Th
and other alpha-emitting isotopes. The table doesn’t
show total alpha activity, so it’s impossible to deter-
mine if the samples exceed any regulations related
to #*Th. Potassium-40 (K): The IAEA limit for K
is 10 Bg/L, as mentioned correctly. All samples in
the table exceed this limit. However, it’s important
to note that *°K is a naturally occurring radioactive
isotope present in all living things, including humans.
The 10 Bg/L limit is very low because *°K is not con-
sidered a significant health risk at these levels. Over-
all Safety: Based on the data provided in the table,
we cannot definitively say that exposure to all the
water samples is unsafe. Here’s why: 2?°Ra levels are
within the IAEA’s recommended limit for drinking
water. The table doesn’t show total alpha activity, so
we can’t assess >>2Th compliance. While “°K exceeds
the IAEA limit, it’s a naturally occurring element and
the limit is very low due to its minimal health risk at
these levels (Sellaoui et al., 2016).

Table 1 (Fig. 6) shows the activity concentrations
of Radium-226 (Ag,), Thorium-232 (A,), Potas-
sium-40 (A,), and Radium Equivalent (Rag,) in eight
silt samples (S1-S8). The activity concentrations
are measured in Becquerel per kilogram (Bq/Kg).
The table also shows the recommended limits for
these elements in drinking water set by the Interna-
tional Atomic Energy Agency (IAEA). Analysis of
the Data: (**°Ag,): The TAEA limit for Ag, in drink-
ing water is 300 Bg/Kg. All of the silt samples in
the table have Ay, levels below this limit. This indi-
cates that the Ag, levels in these samples are within
the safe range for drinking water. (**?A;): The IAEA
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Table 1 Activity Concentrations and Activity Utilization Indices (Ay;) of Radionuclides in Water and Silt Samples

Sample Ay, (Bg/L)

Wi 17.94
w2 8.97
W3 16.41
w4 5.81
W5 17.94
w6 27.82
\ 14.47
W8 53.00
Min 5.81
Max 53.00
Mean  20.29
IAEA 300

Sample A, (Bq/Kg)

Ay(Ba/L) A (Bg/L) Ra, (Bg/L)
48.83 136.69 98.29
3.10 112.54 22.07
3.29 207.23 37.07
2.54 109.61 17.88
25.40 106.16 62.44
26.15 140.92 76.08
11.67 154.89 43.08
71.69 303.48 178.88
2.54 106.16 17.88
71.69 303.48 178.88
24.08 158.94 66.97
0 10

Aur

0.77
0.13
0.21
0.09
0.48
0.58
0.29
1.38
0.09
138
0.49

Basic Safety and Standards: The IAEA Basic Safety Standards
(https:, , www.iaea.org, resources, safety-standards) offer
recommendations for radiation protection, including dose rate
limits for various exposure scenarios. XXxXx)

Ay (Ba/Kg) A, (Bg/Kg) Raeq (Bq/Kg) Ay

S1 25.63 69.75 195.27 140.41 0.32
S2 12.81 4.44 160.78 31.53 0.16
S3 23.44 4.70 296.05 52.96 0.28
S4 8.30 3.63 156.59 25.55 0.10
S5 25.63 36.29 151.66 89.20 0.31
S6 39.75 37.36 201.31 108.68 0.48
S7 20.68 16.67 221.27 61.54 0.25
S8 75.71 102.41 433.54 255.54 0.92
Min 8.30 3.63 151.66 25.55 0.10
Max 75.71 102.41 433.54 255.54 0.92
Mean  28.99 34.41 227.06 95.68 0.35
IAEA 300 100 1000 370
Fig. 5 Activity Concentra- 350.00 1
tion of water and Water BU(Bq/Kg)
samples 300.00 - BARa(Bq/Kg)
= Ath(Bg/Kg)
= Ak (Bq/Kg)

® )}

Z 250.00

a

=

;E 200.00 -

£ 150.00

o

£ 100.00 -

P

50.00 -

0.00 -

ws w7

wé ws w4 w3 w2 w1

Samples No.
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Fig. 6 Activity Concen- 500.00 1
tration of water and silt po— 2UBqKg)
samples : BARa(Bq/Kg)
| Ath(Bq/Kg)
400.00 = Ak (Bq/Kg)

350.00 -

300.00 -

250.00 -

200.00 -

150.00 -

Activity Concentration (Bq/kg)

100.00 -

50.00 -

0.00 -

S8 7

limit for Ath in drinking water is 100 Bq/Kg. All of
the silt samples in the table have Ath levels below
this limit. This indicates that the Ath levels in these
samples are also within the safe range for drink-
ing water. Potassium-40 (A,): The IAEA limit for
A, in drinking water is 1000 Bq/Kg. All of the silt
samples in the table have Ak levels below this limit.
This indicates that the Ak levels in these samples are
also within the safe range for drinking water. Radium
Equivalent (Ra.,): The Raeq is a calculated value that
represents the combined radiological impact of Ay,
Ay, and A,. The TIAEA limit for Ra,, is 370 Bg/Kg
(United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) 2000). All of the
silt samples in the table have Raeq levels below this
limit. This indicates that the Ra_g levels in these sam-
ples are also within the safe range for drinking water.
Additional Notes: It is important to note that the
IAEA limits are for drinking water and may not be
applicable to other types of water, such as groundwa-
ter or wastewater (Guidelines for drinking-water qual-
ity, 2011). The activity concentrations of radioactive
elements in water can vary depending on a number of
factors, such as the source of the water, the geology
of the area, and the presence of human activities.

Ay is a metric that reflects how efficiently radioac-
tive materials in a sample emit gamma rays relative to
their total activity concentration (Bq/kg). Higher Ay;
indicates a greater tendency of the radioactive materials
to emit detectable gamma rays (in nGy h”*-1). The data
reveals the presence of three radionuclides: **°Ra, **Th
and K. Ay; values for eight water samples (W1-W8)
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S6 S5 sS4 s3 s2 $1

Samples No.

and eight silt samples (S1-S8) along with the activity
concentration of 22°Ra, ®Th, and *°K for each sample.
Water samples (W1-W8): Ay; ranges from 0.09 nGy
h”-1 per Bg/kg to 0.48 nGy h”-1 per Bqg/kg. Silt sam-
ples (S1-S8): Ay ranges from 0.21 nGy h”-1 per Bg/
kg to 1.38 nGy h”-1 per Bg/kg. Silt samples generally
have higher Ayy; values compared to water samples.
This might be due to the tendency of Ra and Th to bind
to soil particles, leading to higher concentrations in silt.
Ay, variations within each sample type (water and silt)
are likely due to differences in the total activity con-
centration and the relative abundance of **°Ra, 2*¥Th,
and “°K among the samples. Samples with higher con-
centrations of Ra or Th, which generally have higher
gamma emission probabilities than “°K, would be
expected to have higher Ay; values (United Nations
Scientific Committee on the Effects of Atomic Radia-
tion (UNSCEAR) 2000). Correlations between Ay,
Radionuclides, and Sample Type: By looking at the
data in the table, you can see if there are any correla-
tions between: Ay;; and Radionuclide Activity Concen-
tration: Samples with higher activity concentrations of
Ra or Th (shown in the table) might tend to have higher
Ay values. Sample Type (Water vs. Silt) and Ay As
discussed earlier, silt samples generally have higher
Ay due to potential enrichment of Ra and Th. The
Ay data, along with the information about the specific
radionuclides (226Ra, 38T, 4OK) in the water and silt
samples, provides valuable insights into their gamma
ray emission characteristics. While A; doesn’t directly
tell you the exact contribution of each radionuclide, the
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Table 2 Dose Equivalent

Sample Iy I D,; (AEDE) D, (AEDE) H,, H,, AGDE

Rates and.Annual Gonadal (mSv\h) (mSv\h) outdoor indoor (mSv/y) (mSvly)

Dose Equivalent (AGDE) (mSv\y) (mSv\y)

from Gamma (Iy) and

Alpha (Io) Emissions in wi 070 009 005 0.22 027 022 30245

Water and Silt Samples w2 017 004 001 0.05 006 004 7603
w3 0.28 0.08 0.02 0.09 0.10 0.06 129.54
w4 0.14 0.03 0.01 0.04 0.05 0.03 62.99
w5 0.44 0.09 0.03 0.14 0.17 0.12 194.94
w6 0.54 0.14 0.04 0.17 0.21 0.13 239.55
w7 0.32 0.07 0.03 0.10 0.12 0.08 142.12
w8 1.27 0.26 0.10 0.40 0.48 0.34 558.72
Min 0.14 0.03 0.01 0.04 0.05 0.03 62.99
Max 1.27 0.26 0.10 0.40 0.48 0.34 558.72
Mean 0.48 0.10 0.04 0.15 0.18 0.13 213.29
Global limit >0.1  >01 1 1 >01  >01 1
St 1.00 0.13 0.08 0.31 0.36 0.31 129.02
S2 0.24 0.06 0.02 0.08 0.07 0.05 54.95
S3 0.40 0.12 0.03 0.13 0.12 0.08 99.46
S4 0.20 0.04 0.02 0.06 0.06 0.05 35.83
S5 0.63 0.13 0.05 0.20 0.22 0.17 118.51
S6 0.77 0.20 0.06 0.25 0.26 0.19 177.88
S7 0.45 0.10 0.04 0.14 0.15 0.11 91.66
S8 1.82 0.38 0.14 0.57 0.63 0.49 348.63
Min 0.20 0.04 0.02 0.06 0.06 0.05 35.83
Max 1.82 0.38 0.14 0.57 0.63 0.49 348.63
Mean 0.69 0.14 0.05 0.22 0.23 0.18 131.99
Global limit >0.1  >01 1 1 >01 >01 1

presence of Ra, Th, and “°K helps explain some of the

observed trends.
The figure does mention a margin of error of +5%.

This likely applies to all the data points in the figure.

0.70

0.60

0.50

0.40

0.30

Deff (AEDE) (mSv/y)
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0.10

Fig. 7 Samples No. versus Deff (AEDE) of Silt Samples

[l Deff (AEDE) outdoor (mSv/y)

[l Deff (AEDE) indoor (mSv/y)

S1 S2 S3 S4 S5
Samples No.

S6 S7

S8

3.2 Interpreting the Radiation Exposure Levels

relative to Global Limits

Table 2 (Figs. 7, 8) indicate this analysis evaluates

Z 030

7

Deff (AEDE) (mSv

Wi

w2

w3

Il Deff (AEDE) outdoor (mSv/y)

[l Deff (AEDE) indoor (mSv/y)

w4 W5 w6 w7
Samples No.

w8

Fig. 8 Samples No. versus Deff (AEDE) of Water Samples
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Table 3 Radon (**’Rn)

adon (+ ®n) - Sample  ?*’Rninsilt (Bg/m?)  ???Rnin Air (Bg/m?) *?Rninveg- Rnindoor HE

Concentrations in S.1lt, Air, etables (Bg/kg) (mSvly)

and Vegetables, Estimated

Indoor Radon Levels, and wi 3.23 10.22 18.08 12.39 0.39

g‘;‘;‘l‘izll;if‘zﬁg; f]r)o‘:rsf w2 1.61 5.11 9.04 7.28 0.23

Water and Silt Samples W3 0.85 2.68 4.75 4.85 0.15
W4 0.65 2.07 3.66 4.24 0.13
w5 6.54 20.70 36.61 22.88 0.72
W6 6.73 21.32 37.70 23.49 0.74
w7 3.00 9.51 16.82 11.68 037
w8 18.45 58.43 103.34 60.60 1.91
Min 0.65 2.07 3.66 4.24 0.13
Max 18.45 58.43 103.34 60.60 1.91
Mean  5.13 16.26 28.75 18.43 0.58
IAEA  10-2000 Bg/m> 300 Bg/m® 0.1-10 Bg/kg
S1 4.61 14.61 25.83 16.78 0.53
S2 231 7.30 12.92 9.47 0.30
S3 1.21 3.83 6.78 6.00 0.19
S4 0.93 2.96 5.23 5.13 0.16
S5 9.34 29.58 5231 31.75 1.00
S6 9.62 30.45 53.86 32.63 1.03
S7 4.29 13.58 24.02 15.75 0.50
S8 26.36 83.48 147.62 85.65 2.70
Min 0.93 2.96 5.23 5.13 0.16
Max 26.36 83.48 147.62 85.65 2.70
Mean  7.33 23.22 41.07 25.39 0.80
IAEA  10-2000 Bg/m> 300 Bg/m® 0.1-10 Bg/kg

gamma ray intensity (Iy) and potential radiation haz-
ards in eight silt samples (S1-S8) and eight water sam-
ples (W1-W8). Gamma Ray Intensity (Iy): Iy measure-
ments varied across the samples, with the highest values
observed in S8, S1, and W8 (1.82 mSv/h, 1.27 mSv/h,
and 1.27 mSv/h, respectively). However, it’s impor-
tant to note that Iy alone doesn’t provide a complete
picture of radiation risk. External Dose Estimates (D4
(AEDE)): The data provides "D, (AEDE) outdoor"
values (mSv/y) for both silt and water samples. D g
represents the dose conversion factor for external expo-
sure, and "outdoor" indicates external exposure from
the samples while outdoors. Silt samples ranged from
0.02 mSv/y to 0.14 mSv/y, and water samples ranged
from 0.01 mSv/y to 0.10 mSv/y. Importantly, all sam-
ples were below the international permissible limit of 1
mSv/y for external exposure. Internal Dose and Hazard
Indices: The analysis included the Internal Hazard Index
(H;,) and External Hazard Index (H,,) for the silt sam-
ples (S1-S8). H;, is a preliminary indicator of potential
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risk from inhaling or ingesting radioactive materials,
with higher values suggesting a greater potential for
internal dose. H,, reflects the potential hazard from
external gamma radiation exposure while near the sam-
ples. H: Values ranged from 0.06 mSv/y to 0.63 mSv/y.
Notably, samples S1 (0.36 mSv/y) and S8 (0.63 mSv/y)
exceeded 0.1 mSv/y, suggesting a potentially higher risk
for internal dose if radioactive materials are inhaled or
ingested. H,,: Values ranged from 0.05 mSv/y to 0.49
mSv/y. While there are no universally accepted regula-
tory limits for H,,, some countries use it as a screening
tool. Similar to H;,, samples S1 (0.31 mSv/y) and S8
(0.49 mSv/y) had H,, exceeding 0.1 mSv/y, indicating
a potentially higher external hazard from gamma radia-
tion exposure. Overall Considerations: Although all
samples were below the international permissible limit
for external exposure (1 mSv/y), H;, values for S1 and
S8 suggest a potential for higher internal dose if radioac-
tive materials are ingested or inhaled. H,, values for S1
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Fig. 9 Bar chart showing 160.00
the amount of **?Rn in air,
silt and Vegetables and (Bq/

m?) for different samples 140.00

120.00

100.00

Ra (Bq/m3)

u222Rn in soil (Bq/m3)

®222Rn in Air (Bq/m3) 222Rn in vegetabls (Bq/m 3)

and S8 indicate a potentially higher external hazard from
gamma radiation exposure for these specific samples.
Based on the Table 2, all the samples (water
WI-W8 and silt S1-S8) appear to have Annual
Gonadal Dose Equivalent (AGDE) values exceeding
the international limit of 1 mSv/y set by the Inter-
national Atomic Energy Agency (IAEA) for public
exposure. Here’s a breakdown of what this means and
what to consider: The table shows AGDE values for
each sample, all exceeding the IAEA’s public expo-
sure limit of 1 mSv/y. This indicates a potential con-
cern for radiation exposure if people were to be con-
tinuously exposed to these samples. Nature of AGDE:
AGDE only considers external exposure from gamma
rays emitted by the samples. It doesn’t account for
internal exposure from inhaling or ingesting radioac-
tive materials. Public Health Significance: The data
suggests potential health risks due to radiation expo-
sure from these samples. However, the extent of the
risk depends on several factors. Overall, The AGDE
values in the table indicate a potential concern for
radiation exposure from the water and silt samples.
The figure does mention a margin of error of +5%.
This likely applies to all the data points in the figure.
The figure does mention a margin of error of +5%.
This likely applies to all the data points in the figure.

20.00 I I
0.00 J !_! - | .I
sl s2 $3 sS4 $5 6 s7

S8

Samples No.

3.3 Radon Concentration and Dose Comparison with
IAEA Limits

Table 3 (Fig. 9) presents data on **’Rn concentration in
various environmental samples and estimated human
exposure levels for Eight locations (W1-W8 for water
sources, S1-S8 for silt samples). It also includes calcu-
lated doses from inhalation and compares the values to
limits set by the International Atomic Energy Agency
(IAEA). The table allows for comparison of measured
222Rn concentrations in silt, air, and vegetables with
the TAEA limits. It also provides estimates of potential
radiation exposure through inhalation for each location.
Comparison with TAEA Limits: Silt: The IAEA doesn’t
have a specific regulatory limit for Radon concentration
in silt. However, the listed range (10-2000 Bq/m®) pro-
vides a general idea of typical background levels. Air:
The IAEA recommends a maximum indoor Radon con-
centration of 300 Bg/m?>. Several locations in the table
(both water and silt samples) exceed this limit when
considering estimated indoor Radon levels (Rny,gq00)-
Vegetables: The IAEA doesn’t have a regulatory limit
for Radon in vegetables. The listed range (0.1-10 Bg/
kg) provides context for the measured values.

The figure does mention a margin of error of +5%.
This likely applies to all the data points in the figure.
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4 Discussion

This study investigated the radionuclide activity con-
centrations and potential radiation exposure risks asso-
ciated with water and silt samples collected from eight
locations. The analysis focused on Radium (**Ra),
Thorium (**?Th), Potassium (** K), and Radon (**?Rn).

4.1 Radionuclide Activity Concentrations in Water
and Silt

The activity concentrations of *°Ra in all water sam-
ples were within the recommended limit (300 Bg/L) set
by the International Atomic Energy Agency (IAEA) for
drinking water. This indicates no immediate threat from
22Rain terms of drinking water safety. Data on total
alpha activity, which can be used to assess compliance
with 2*?Th regulations, was missing. Further analysis
is needed to determine 232Th compliance. *° K activity
concentrations exceeded the IAEA limit (10 Bg/L) in
all water samples. However, ** K is a naturally occur-
ring, low-risk element at environmental levels. The low
limit reflects this characteristic.

4.2 Radionuclide Activity Concentrations in Silt

The activity concentrations of 226Ra, 32Th and *° K
in all silt samples fell within the recommended lim-
its set by the IAEA for drinking water. It’s impor-
tant to note that these limits apply to drinking water
and may not be directly applicable to silt.

4.3 External Dose Estimates and Gamma Radiation
Exposure

The calculated external dose equivalent (Deff) from
gamma rays for both water and silt samples were
below the international permissible limit of 1 mSv/y
for external exposure. This suggests no significant
external radiation risk from gamma rays under the
conditions assessed in this study.

4.4 Internal Dose Estimates and Potential Health
Risks

While the AGDE values suggested a potential concern
for radiation exposure, they only consider external
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exposure from gamma rays and may not reflect the
full picture of radiation risk. The Internal Hazard
Index (Hin) for two silt samples (S1 and S8) exceeded
0.1 mSvly, indicating a potentially higher risk of
internal dose if radioactive materials are inhaled or
ingested. Further investigation into the potential for
inhalation or ingestion of these materials is warranted.

4.5 Radon Concentration and Potential Inhalation
Risks

The estimated indoor Radon levels based on Radon
concentration in silt samples exceeded the IAEA’s
recommended limit of 300 Bq/m® for several loca-
tions. This suggests a potential health risk from
Radon inhalation in these areas. However, it’s impor-
tant to note that this is an estimated value, and actual
indoor Radon measurements are necessary for a more
accurate assessment.

5 Radionuclide Transport and Interaction
Between Silt and Water

5.1 Factors Affecting How Radioactive Elements
Move between Silt and Water

The influence how radioactive elements move
between silt and water. Several factors influence how
radioactive elements move between silt and water:
Physical characteristics: Particle size, surface area,
and mineralogy of silt particles all play a role. Smaller
particles with a larger surface area tend to adsorb
(cling) to radioactive elements more effectively than
larger particles. The mineral composition of the silt
also affects how strongly it binds to radioactive ele-
ments. Chemical properties: The element’s charge,
ionic form, and complexation (association with other
molecules) influence its mobility in water and its
affinity for binding to silt particles. Water chemistry:
Factors like pH, salinity, and the presence of other
dissolved ions can affect the solubility and adsorp-
tion of radioactive elements. These factors can cause
radionuclides to partition between the water column
(where they are dissolved or suspended) and the bot-
tom sediment (silt). Understanding these interactions
is important for predicting the fate and transport of
radioactive contaminants in aquatic environments.
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5.2 Causes of High Radioactivity at 2 Sites

The study identified two sites with elevated radioactiv-
ity levels. Here are some explanations: Natural sources:
Certain geological formations contain naturally radio-
active elements like uranium or thorium. The weather-
ing and erosion of these rocks can release radioactive
materials into the surrounding water and soil. Anthro-
pogenic sources: Human activities like mining, nuclear
waste disposal, or industrial processes can introduce
radioactive contaminants into the environment.

5.3 Actual Indoor Radon Measurements

The study estimated indoor Radon levels based on silt
concentrations. Actual measurements are essential for
an accurate assessment of potential inhalation risks.
Investigation into human exposure pathways: The
study identified high Hin values in some silt samples,
suggesting a potential risk if radioactive materials are
inhaled or ingested. Further investigation is needed
to determine the likelihood of these exposure routes,
particularly in areas with high Hin values.

5.4 Varying Degrees of Risk at Different Sites

The study revealed a significant variation in the level
of radioactive contamination risk across the investi-
gated sites. This difference can be attributed to sev-
eral key factors:

1. Source and Type of Radionuclides, the type and
origin of radioactive contamination play a crucial
role in determining the risk. Sites with naturally
occurring radionuclides like *°Ra and *° K gen-
erally pose a lower risk than those contaminated
with man-made radionuclides, such as isotopes
with high alpha or beta decay activity.

2. Concentration Levels, the concentration of radio-
active elements directly influences the potential
for exposure and associated health risks. Sites
with higher radioactivity levels will naturally pose
a greater risk compared to those with lower levels.

3. Mobility and Transport of Radionuclides, the
movement and transformation of radioactive ele-
ments in the environment significantly impact
risk. Factors like particle size, chemical proper-
ties, and water chemistry all influence how read-

ily radionuclides move between water and sedi-
ment. Sites where radioactive materials are more
mobile or easily suspended in water pose a higher
risk of exposure through ingestion or inhalation.

4. Pathways of Exposure, the potential for human
interaction with contaminated materials is a critical
factor. Sites with readily accessible contaminated
water, soil, or dust particles present a higher risk
of exposure compared to those with limited acces-
sibility. Additionally, factors like resuspension of
dust or consumption of contaminated vegetables
can significantly increase risk in certain areas.

5. Decay Rates and Half-Life, Different radioactive
elements have varying half-lives, which is the
time it takes for their activity to decay by half.
Radionuclides with shorter half-lives will gener-
ally decay faster, posing a reduced risk over time
compared to those with longer half-lives.

5.5 Observed Variations in this Study

The study identified elevated levels of 2??Ra
(Radon) in silt and air samples from specific loca-
tions (W5, W6, W8, S5, S6, S8). Radon is a gas that
can easily infiltrate buildings, posing a significant
inhalation risk in these areas. The high Hin values
in some silt samples (S1, S8) suggest a potential
risk of internal dose if radioactive materials are
inhaled or ingested, highlighting the importance of
investigating exposure pathways at these sites. A
detailed evaluation of potential exposure pathways,
including consumption of locally grown vegeta-
bles, is crucial for a comprehensive understanding
of human health risks at these sites. By consider-
ing these factors and conducting further research,
we can gain a clearer picture of the varying degrees
of risk associated with radioactive contamination
across different sites. This knowledge is essential
for informing effective risk management strategies
and protecting public health.

6 Concentration Values of Radon Gas in Air
and Vegetables

Observations from Table 3: The table provides data
on radon concentration in air (Bq/m?) and vegetables
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(Bg/kg). Here’s a breakdown of some key observa-
tions and considerations:

7 Air Concentration (Bq/m.%)

e Range and Comparison to IAEA Limit: The
values range from 2.07 Bg/m3 to 58.43 Bg/m>.
The TAEA recommends an action level of 300 Bq/
m? for indoor radon concentration.

0 Several samples (W5, W6, W8) exceed this
limit, suggesting potential health risks from
radon inhalation in those locations.

o  Samples below 300 Bg/m® still pose some
risk, but the level is generally considered
lower.

7.1 Vegetable Concentration (Bg/kg)

e Range and Comparison to IAEA Guideline:
The values range from 3.66 Bq/kg to 147.62 Bq/
kg. The IAEA provides a guideline range of 0.1—
10 Bg/kg for radon in vegetables.

o It’s important to remember that this guide-
line doesn’t directly translate to health risk.
Here’s why:

The radon concentration measured reflects the
amount present at sampling, not necessarily
the amount ingested. Radon readily escapes
during preparation and storage.

The TAEA guideline doesn’t account for veg-
etable consumption rates.

7.2 Overall Observations

e The table suggests a potential correlation between
radon concentration in silt and indoor air levels.
However, the relationship might not be linear, and
other factors could influence indoor radon concen-
tration.
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e Higher radon levels in vegetables from sites with

elevated radon in air are a possibility. However,
the data doesn’t definitively establish this due to
the limitations mentioned above.

7.3 Environmental Effects of Measured Levels of

Radioactivity on the Environment, on Humans

7.3.1 Radionuclide Activity

The levels of Radium (**°Ra) in all water samples
were within the recommended limit set by the
International Atomic Energy Agency (IAEA) for
drinking water (300 Bq/L).

There is no specific IAEA limit for Thorium
(**Th) itself, but it’s often regulated through total
alpha activity. The data doesn’t show total alpha
activity, so it’s inconclusive for >**Th.

Potassium (** K) exceeded the IAEA limit
(10 Bg/L) in all water samples. However, *° K is
a naturally occurring radioactive element present
in all living things, and the 10 Bg/L limit is very
low because it’s considered a minimal health risk
at these levels.

Similar to *?°Ra, all the silt samples had activity
concentrations of 2*°Ra, 23*Th, and *° K below the
respective IAEA limits for drinking water.

7.3.2 Gamma Ray Emission

The Activity Utilization Index (AUI) reflects how
efficiently radioactive materials emit gamma rays.
Silt samples generally had higher AUI values
compared to water samples, likely due to Ra and
Th binding to soil particles.

7.3.3 Radiation Exposure

e All the samples (water and silt) had Annual

Gonadal Dose Equivalent (AGDE) exceeding the
TIAEA public exposure limit (1 mSv/y). However,
AGDE only considers external exposure from
gamma rays and doesn’t account for internal expo-
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sure from inhaling or ingesting radioactive materi-
als.

e Two silt samples (S1 and S8) had Internal Haz-
ard Index (H;,) exceeding 0.1 mSv/y, suggesting a
potentially higher risk for internal dose if radioac-
tive materials are inhaled or ingested.

e These two samples (S1 and S8) also had External
Hazard Index (H.,) exceeding 0.1 mSv/y, indi-
cating a potentially higher external hazard from
gamma radiation exposure.

7.3.4 Radon Concentration

e Radon (**Rn) concentrations were measured in
silt, air, and vegetables. Estimated indoor radon
levels were calculated based on these measure-
ments.

e Some of the estimated indoor radon Ilev-
els exceeded the IAEA recommended limit of
300 Bg/m®.

7.3.5 Overall Environmental and Human Health
Impacts

e The levels of 2*°Ra in water samples are within the
safe range for drinking water.

e %K exceeding the IAEA limit in water is likely
not a significant health concern due to its natural
occurrence and low limit value.

8 Conclusion

This study investigated the radiological safety of
groundwater and bottom silt from wells in southern
Sinai, Egypt. While the water samples met all inter-
national safety limits for drinking water regarding the
tested elements (**°Ra, 2*?Th and *° K), two specific
silt samples exhibited concerning levels of radioac-
tivity. These samples showed elevated internal haz-
ard from Ra and Th, potentially leading to significant
radiation exposure if inhaled or ingested. Addition-
ally, estimated indoor radon levels based on silt con-
centrations surpassed the recommended limit in sev-
eral locations, suggesting a potential inhalation risk.

These findings highlight the importance of site-spe-
cific assessments when evaluating the radiological safety
of groundwater resources, especially in areas with poten-
tial natural radioactivity. While the water itself appears
safe for drinking based on the elements analyzed, further
investigation is crucial to address potential health risks
associated with radon inhalation and internal exposure
to Ra and Th in specific silt samples. Implementing mit-
igation strategies, such as improved well construction or
ventilation practices, may be necessary to ensure long-
term public health protection in these areas.
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