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The radioactivity levels were measured using a hand-held gamma-ray survey meter and Nal (T1) based gamma spectroscopy to
evaluate the seasonal variation of radioactivity levels in the riverine area of Ado-Odo Ota. The measured iso-dose map reported
higher gamma dose rate of 79 nGy/h, approximately 34% higher than the world average of 59 nGy/h. The values for U-238, Th-
232 and K-40 activity levels ranged between 29.9 and 21.6; 103.2 and 31.2; 802.2 and 233.5 with mean values of 26.1, 55.6 and
499.3 Bq/kg, respectively. According to the mean, Sth and 95th percentiles of the probabilities using the Monte Carlo simulation,
the Radium equivalent activities and the absorbed dose rates are within their respective recommended limits of 370 Bq/kg and
84 nGy/h. This study could be used to monitor dose rates and radiological risks for the areas covering the small area (Ado-Odo

Ota) to the larger area (West African Region) as baseline data.

INTRODUCTION

The radionuclides in the marine environment could
be either natural particles of the earth’s crust mani-
festing in all terrestrial ecosystem or anthropogenic
sources'""?). Another threat to the marine environ-
ment is the anthropogenic sources such as indus-
trial activities, agricultural and mining activities'®.
West African coastal region lacks information about
the nuclear industry operations, mining, industrial-
ization, agricultural production, offshore gas and oil
exploration could attribute to the increase in radioac-
tivity level of an environment(*->). Consequently, the
West African anthropogenic activities in the coastal
environment such as production, mining, industrial-
ization, agricultural production, offshore gas and oil

exploration could contribute to the radioactivity level
of an environment*-®), Human exposure to radiation
from the soil may occur through exposure to back-
ground radiation due to the existence of the primor-
dial radionuclides in the soil or through inhalation
of dust from the soil sediments that usually contains
these radionuclides!”. The exposure to radiation from
radon and its decay progeny that sometimes emanate
from the soil sediments internally affects the respira-
tory tracks®). Soil-to-plant-to-human and/or soil-to-
plant-to-animal-to-human transfer of these radioele-
ments are additional routes of human exposure to
ionizing radiation via food chain®.

Radionuclides could appear as toxic elements
and undergo bioaccumulation and bioconcentration,
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resulting in adverse impact on human and ecosystem
health®. The alteration in the activity concentrations
of radionuclides in the natural ecosystem has resulted
in an understanding of health implications over the
past years. These radionuclides penetrate the tissues
of the marine species through different mechanisms.
Accordingly, these radionuclides penetrate the food
chain through the ingestion of sea or marine food®.

The evaluation of some trace metal pollutants in
River Atueara located in Southwestern Nigeria and
Spatio-temporal, human health risks assessment sug-
gested that ~1 in 10 adults and 1 in 20 children may
suffer over their lifetime as a result of consumption
and exposure to water from River Atueara'”. So
many activities truncate the radioactivity and chem-
ical processes of the biological community of the
environmental ecosystem, which includes community
activities, industrial operations, land-use change and
climate change. Conversely, to improve and sustain
river health system, an accurate assessment of the
radioactivity of sediment samples is highly needed'".
Researchers have mapped out a holistic approach to
quantify and evaluate river water quality parame-
ters and their risk exposure to the human and envi-
ronmental ecosystem!'"). An earlier study was con-
ducted by Omeje et al.'? during rainy season on
the background radiation dose rates along Iju river
soil sediments and its radiological risks were revealed
with some significant hotsports and the distribution
of gamma dose rates. At the same time, there is an
urgent need to ascertain the individual radionuclides
spatial distribution in dry season, which will help in
deriving vital conclusion especially on the seasonal
effects, trend of distribution and the probabilistic risk
analysis of the soil sediment of Iju river. Hence, the
aim of this study is to ascertain the seasonal varia-
tion of the background gamma dose rates, activity
concentrations of U-238, Th-232 and K-40 within the
riverine sediments and to perform the probabilistic
risk analysis of the measured Radium equivalent and
gamma dose rate using the Monte Carlo simula-
tion (MCS). Thus, probabilistic approach using the
MCS has been appropriately employed in this work
to assess more realistic risk related to the primordial
radionuclides (U-238, Th-232 and K-40) present in
the samples.

STUDY AREA

The study area is located in Ogun State, South-West,
Nigeria, which lies within the latitude 6.9°N and
longitude 3.6°E. Ogun State is an inland state and
is bounded to the North by Oyo and Osun States, to
the South by Lagos State, to the East by Ondo State
and to the West by the Benin Republic. Ogun State
has a tropical climate with an average temperature
of 27.1°C and rainfall of 1238 mm. Ogun State

with other south-western Nigerian states including
Oyo and Lagos States, lies in the eastern Dahomey
Basin. Its geology is composed of sedimentary and
basement complex rocks that are late cretaceous to
early tertiary(!>1®), Stratigraphically, the sedimentary
rock of Ogun State consists of the Abeokuta group,
Imo group, Ewekoro, Oshosun, Ilaro and Benin
formations!'"”. The cretaceous Abeokuta group
constitutes the Ise, Afowo and Araromi formations
and lies on top of the basement complex. The
Abeokuta group is overlain by the Ewekoro, Oshosun
and Ilaro formations that are all overlain by the
Benin formation made up of coastal plain sands('")
as shown in Figure 1.

The coastline sediments of Iju river

The coastal nature of the Iju river sediments shows
some parts where communities have access to the
river for fishing and fetching water for domestic
purposes(!?). They are almost parallel to the coastline
sediments of other rivers such as River Atueara
that is located ~5 kilometres away from Iju town.
The deposits of River Iju comprise of mudflats, salt
marsh and inner sandy flats. Within the river sub-
environments, it cuts across the creeks and bordering
areas. Surface features such as vegetation, an associa-
tion of different sediments, sedimentary structures
and textures, characterize the sub-environments
along the coastal river. The sediments contain high
contents of iron, phosphate, nitrate and sulphates!'>).
The tidal water along the river decreases its capacity
towards the intertidal zone, which increases the
sediments deposits and as well reduces the size of
the grains. These processes seem to be modified by the
secondary agents caused by waves for rearrangements
of the sediments in the study area.

MEASUREMENTS OF GAMMA RADIATION
DOSE LEVEL

Portable hand-held radiation detector (Super-SPEC
RS-125) from Canadian Geophysical Inc. was used
to measure the background gamma dose level in the
study area at the middle of dry season to compare the
variations with Maxwell et al.('>) that was conducted
during rainy season. This instrument is most suitable
for detecting naturally occurring radionuclides and
dose exposure. The equipment has a high degree of
accuracy with probable measurement errors of ~£5%
(12.16) " The portable equipment has an incorporated
design and direct assay read-out values, storage data
point with weather protection, easy to use and highly
sensitive. The number of count display of RS-125
Super-SPEC in the front side of the panel in cps at
1/s update rate. The variable rate counts of the SCAN
mode of RS-125 Super SPEC usually stores data in
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Figure 1: Geological map of Ogun State with red arrow pointing the study location Source: Authors’ computations from
Nigerian geological survey agency.

the memory of the device through bluetooth connec-
tion to external storage of the hand-held device. The
location of the data is gotten through the connection
of external Global Positioning System (GPS) to the
data stream via Bluetooth connection to the device.
In the study area, the measurements were taken at
intervals of 50 m following the regions that constitute
high soil sediment deposits to the areas with less
sediment deposits, gully and weathered surface areas.
Few zones of lower sediments from the riverbanks
were taken as control. At each station, four different
measurements were taken and the average obtained
was used to represent the actual data point for that
site. At each point of measurement, the sediment
sample was collected for laboratory gamma ray spec-
troscopy counting. The natural background gamma
dose measurements is provided by the assay mode of
RS-125 Super SPEC and dose rate data are directly
acquired in nGy/h. The RS-125 Super SPEC comes
with utility software that is used to download the
statistics record that is stored in memory and fur-
ther connected to the computer through Bluetooth
or USB. The measured data are stored in excel sheet
with proper coordinates was processed, georeferenced

and interpolated using ArcGIS (version 10.8) spatial
analysis. Figure 2 presents the result of the ArcGIS
spatial distribution of dose rate measured along the
River Iju.

Method of GIS analysis of background dose rates
data samples measured along riverine sediments

The spatial distribution of gamma dose rates in sed-
iments of [ju River was first carried out using an
interpolated scheme with the inverse distance weight-
ing interpolation function being applied on all the
sediment samples measured. The interpolated func-
tions were used as input to the ArcGIS 10.8(1%:12.17,
This current gamma measurements were carried out
to compare with the previous study conducted during
the rainy season along Iju River soil sediments.

Sample collection and preparation

In the study area, a total number of 13 sediment
samples along Iju River were scooped from a depth
of 10 cm to collect 1000 g of samples at each marked
site with a distance of 50 m from each point at the
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Figure 2: Spatial distribution of dose rates from the sediment samples of Iju river. Source: Authors’ computations.

middle of dry season to estimate the variation in the
activity levels with the earlier study monitored by
Maxwell et al.('>). These points were chosen based
on the areas that communities access the river water
for consumption and other domestic purposes. Each
sediment sample was air-dried under the ambient
temperature of 29°C for 1 week to lessen the mass
contribution of water and to inhibit any chemical
reaction'®), The soil sediment samples were crushed,
powdered to a maximum grain size of 1 millimetre,
dried in an oven at ~105°C until the samples main-
tained a constant weight of ~500 g. Each sample
was sealed in high-density polyethene plastic bottles,
labelled accordingly and sent to Activation analysis

Laboratory in Canada for gamma counting. All the
samples were sealed in a radon impermeable plastic
container for 4 weeks to bring Rn-222 and its short-
lived radionuclide daughters products into equilib-
rium with Ra-226(12.18.19),

Method for gamma spectroscopy analysis
of sediment samples

The concentrations of U-238, Th-232 and K-40 mea-
sured in Bg/kg dry weight of the samples from [ju
River were analysed using gamma-ray spectrometry
method. A Nal (Tl) detector 3’ x 3’ was used with

120Z Yyoue 62 uo 1senb Aq y£6619//20980u/pdi/60 L 0L /10p/ajo1ie-eoueApe/pdi/wod-dno-olwspede//:sdiy woly pepeojumoq



MEASUREMENTS OF SEASONAL VARIATIONS OF RADIOACTIVITY DISTRIBUTIONS

proper lead shielding to reduce the background con-
tribution by a factor of ~95%. The determination
of various radionuclides concentrations of interests
in Bgkg™' was measured using count spectra (!9,
The photo peaks (region of interest) of the gamma-
ray corresponds to 1.46 MeV for K-40, 1.76 MeV
for Bi-214 and 2.614 MeV for TI-208 considered to
be the activities of K-40, U-238 and Th-232, respec-
tively, in the Iju River soil sediment samples. The
Nal (TIl) detector used has detection limit of 8.50,
2.21 and 2.11 Bqg/kg for K-40, U-238 and Th-232,
respectively!'?!®). The counting time of 21 000 s for
each sample was adopted'®-??). The activity concen-
trations were calculated using Equation (1)(12:2D,

Py Py

Ds — Dy

Cs = Crr P I3
( ref __ 7b) M.
Dre Dy, s

; (M

where C; and C, are the activity concentrations
in Bg/kg of the measured sediment samples and
standard reference materials, respectively. Ps, P
and P, are the photopeak areas of the sediment
samples, standard reference materials and the
background photopeak gamma limes, respectively,
which is dimensionless. Also, D, D.s and Dy
are the counting duration/time in seconds for the
sediment samples, standard reference materials and
background, respectively.

Multivariate analysis

Initial statistical two-way analysis of wvariance
(ANOVA) was estimated on Excel to compare the
variation in the sites with the observed days. The
regression analysis was performed in R-Studio 3.0.2
version!?), The categorical variables were converted
into dummy variables in Excel such that the numbers
‘0’ and ‘1’ can be used to identify each value of
the variables accordingly. Thereafter, the dummy
variables were inputted into R-Studio 3.0.2 version
alongside the dependent variables. The results of the
analysis were thereafter generated.

RESULTS AND DISCUSSIONS

Spatial distribution of background dose rate from the
sediment samples in the study area

The background gamma dose measurements in the
study area is presented in Iso-dose map (Figure 2).
The gamma dose rates comprise different variations
in dose distributions within the study area showing
the highest background dose areas as the hotspots.
The highest background gamma dose (hotspot) was
identified in site 7 and 11 with background dose rates

ranges from 56 to 79 nGy/h. Comparing this range
of gamma dose rates with a study conducted during
the rainy season by (!?), with values ranging from 21.6
to 58.9 nGy/h, this current study is slightly higher,
which may be the effect of change in temperature
that increases soil sedimentation. The entire study
area recorded the background dose ranges between
11 and 79 nGy/h, approximately. In contrast with the
world average value of 59 nGy/h suggested by®*), this
current study with the highest value of 79 nGy/h is
higher by a factor of 1.34 (~134%). This shows that
site 7 may pose higher radiation risks to the inhab-
itants when compared to the international reference
level 2,

Activity concentrations of U-238, Th-232 and K-40
from Iju River soil

The seasonal variations of the activity concentrations
of U-238, Th-232 and K-40 emitted from the soil
sediment samples during dry season (season 3)
are presented in Figures 3,4 and 5, respectively.
The activity concentrations of U-238 in Figure 3
shows that the distributions were not uniform. The
lowest values of 25.61 Bg/kg on the iso-contour map
reported at the extreme Eastern part of the study area,
whereas the highest value of ~29.94 Bq/kg on the Iso-
contour map reported towards the northern part. The
highest distribution of U-238 has a trend of distribu-
tion tilting towards the Northwest. The activity level
of U-238 in the study area ranges between 19.4 and
32.7 Bq/kg approximately. Comparing these values
with the earlier study during rainy season monitoring
by(!?), with an activity level of 14.5-31.8 Bq/kg, this
current study indicates that they are within the same
activity level. Considering the activity level of Th-
232 distribution on the Iso-contour map presented in
Figure 4, it can be observed that the highest value
of 103.2 Bqg/kg reported at the extreme southern
part of the study area. The distribution of Th-232
is N-S direction with a possible reassemble at station
12 and 13, respectively. The lowest activity level of
Th-232 is noted at the upper most part (Northern
part) of the study area. The activity concentration
of the Th-232 distributed in the study area during
dry season varies between 10.9 and 103.2 Bq/kg.
Comparing these activity levels with('?), who reported
earlier study conducted during rainy season, it
can be observed that the values ranging between
22.6 £ 0.3 and 48.0 = 1.9 Bqg/kg have significant
variation with the present study. On the other hand,
the activity concentrations of K-40 distributed on
the Iso-contour map reported the highest value of
802.2 Bq/kg at station 13, whereas the lowest value
of 233.3 Bq/kg was noted in station 11, which is
in between North and Eastern part of the study
area. The K-40 activity concentrations in the study
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Figure 3: Spatial distribution of U-238 in the study area.

area ranges from 126.5 to 856.9 Bq/kg. Comparing
these ranged values with('?) report conducted during
rainy season with a range of values 148.7 + 5.3 to
852.9 &+ 14.7 Bg/kg, it can be found that the present
study is slightly lower, which has significant seasonal
variation. The mean values obtained from this
study were compared to these international standard
values of 33, 45 and 420 Bq/kg recommended by"),
the values for this current study shows that the
values of 32.7 Bq/kg is lower by a factor of 0.1
(~10%); whereas Th-232 and K-40 are higher by
factors of 0.31 (~31%) and 0.22 (~22%), which
is also in the range of earlier report by Maxwell

et al". Significantly, activity concentration of
Th-232, which is far higher than the world average
was scooped from the station 2, 12 and 13, presumed
to be the channel of the river-laterite contact zone
according to Maxwell et al.'?, is almost the same
activity level with the values obtained during this
current dry season monitoring.

Radium equivalent (Requ)

The Radium equivalent (Ra.q,) which is a weighted
sum of the radioactivity level of Ra-226, Th-232
and K-40 in the sediment sample was calculated.
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Figure 4: Spatial distribution of Th-232 in the study area.

This allows the comparison with their individual Ra-
226, Th-232 and K-40 activity concentrations!'>>3,
This is assumed that all Ra-226 and Th-232 decay
products are in radioactive equilibrium with their
progeny'?. This Radium equivalent will provide
a guideline in regulating the general public safety
standard of radioprotection of the people residing in
the area. This index is the most widely used to assess
the radiation hazard, which is calculated according
to Equation (2)(?>29,

Raey = Cy + 1.43Cp, +0.077Cx. Q)

where Cy, Cr, and Cg are the specific activities of
U-238, Th-232 and K-40 measured in Bq/kg, respec-
tively. This formula estimates that 1 Bq/kg of U-
238, 0.7 Bqg/kg of Th-232 and 13 Bg/kg of K-40
that produces the same gamma dose rates. The Raeq,
is related to both internal doses due to the radon
and external gamma dose and should not exceed
370 Bq/kg®®. It can be observed from Figure 6 that
the Racq, varies between 89.4 and 233.7 Bq/kg with
the highest value found in in site 13 sample. The
lowest value of 89.4 Bq/kg Ra.q, activities was noted
during the dry season in site 1. Comparing the mean
values of 144 Bq/kg for Raq, activity of this present
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Figure 5: Spatial distribution of K-40 in the study area.

study with the (', with a value of 113.0 Bg/kg, this
current study is higher, but lower than the inter-

national standard value of 370 Bq/kg according to
(23)

Absorbed Dose Rate (DC) from Riverine
Sediments Samples for the Dry Seasons

The calculation of the dose rate, which is the outdoor
absorbed dose rate in nGy/h in the air from back-
ground gamma radiation at 1 m above the ground
which is calculated by using nGy/h per Bq/kg conver-
sion factor to transform the specific activities of Cg,,

Ct, and Cg in the sediment samples into absorbed
dose rate(!2:22:25:20) Equation (3) is used to calcu-
late the absorbed dose rates due to the radionuclides
gamma radiation in the air.

D. = 0.462 C (U — 238) + 0.604 C (Th — 232)
+0.0417 C (K — 40) 3)

Considering the gamma dose rates presented in
Figure 7, the lower gamma dose rate measured in the
samples during the dry season was found in site 1
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Table 1. Analysis of variance of U-238 (Bg/kg) and Th-232 (Bg/kg) for the Sediment Samples.

Source DF Adj SS Adj MS F-Value P-Value
Factor 2 1827227 913614 86.68 0.000
Error 36 379445 10540

Total 38 2206673

with a value of 40.8 nGy/h, while the highest value
of 107.0 nGy/h was noted in site 13. The determined
mean value of the gamma dose obtained from the
river sediment samples was 66.5 nGy/h. In contrast
with the earlier study of the river sediments monitor-
ing in rainy season by !> with a value of 68.9 nGy/h,
this present study is slightly lower. Comparing this
highest value of 66.5 nGy/h with the world average
value of 84 nGy/h, this present study is distinctly

lower by a factor of 1.3 ?%),

Multivariate statistical analysis of relationship
between U-238, Th-232 and K-40

Analysis of variance was made for U-238 (Bq/kg),
Th-232 (Bq/kg), and K-40 (Bg/kg) on Minitab 17
with significance level of « = 0.05. The ANOVA
table (Table 1) shows a relative significant variation
between the three factors studied indicated by the P-
Value (0.000) being less than the significance level of
a =0.05.

The linear relationship between K-40 (Bq/kg) and
Th-232 (Bq/kg) is significant because the positive
correlation coefficient is 0.603 and the correspond-
ing P-value is 0.029 as shown in Table 2. As it can

be observed, in Figures 8 and 9, respectively, were
confirmed to be showing negative correlation and
also relatively non-linear relationship between U-238
and Th-232 in the sediment samples from the riverine
area of Ado-Odo Ota. On the other hand, Figure 10
shows the most linear trend and this confirms the
positive correlation between K-40 (Bg/kg) and Th-
232 (Bg/kg) in the sediment samples from the river-
ine area.

Monte Carlo simulation

Analysis of risk plays a very important role in decision
making particularly from an environmental protec-
tion point of view. Researchers are continuously faced
with obscurities and uncertainties. While overestima-
tion of the health risks (i.e. the absorbed dose rates
and Radium equivalent activities) can lead to waste of
resources on unnecessary mitigation exercise, under-
estimation of these risks can give rise to severe health
consequences to the inhabitants(>”). Estimation of the
mean values using the assessment model given by
Equations 2 and 3, either overestimates or underesti-
mates the real risk. Thus, probabilistic approach using
the MCS has been appositely used in this research
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Figure 7: Absorbed dose rates against stations.

Table 2. Correlation between the specific activities of U-238 (Bq/kg), Th-232 (Bq/kg) and K-40 (Bq/kg) in the sediment samples
from the riverine area.

Correlation U-238 (Bq/kg)

Th-232 (Bg/kg)

Th-232 (Bg/kg) —0.185
0.546

KB-40 (Bq/kg) —0.360
0.227

Cell Contents
P-Value

Pearson correlation

0.603
0.029

to assess more realistic risk related to the primor-
dial radionuclides (U-238, Th-232 and K-40) present
in the samples. MCS has the advantage of letting
researchers see all the possible outcomes for decisions
and assess the impact of risk, giving room for better
decision making under uncertainty. It executes the
risk analysis through building models of probable
results by exchanging array of values (probability dis-
tribution) for any factor with intrinsic uncertainty>”.
The MCS then computes the results multiple times
(10000 trials were adopted in this work), in each occa-
sion expending different arbitrary values from the
probability functions. Probability distributions are a
much more realistic way of describing uncertainty in
variables of a risk analysis. The software used in this
work to perform the MCSs is Oracle Crystal Ball
software version 11.1.2.4.850.

The result of the MCS is provided in Table 3
and Figures 11 and 12, respectively. The mean, 5th
and 95th percentiles of the probabilities for the
Radium equivalent activity are 146.00, 91.10 and
203.00 Bg/kg, respectively. The mean, 5th and 95th

10

percentiles of the probabilities for the absorbed
dose rate are found to be 67.30, 42.90 and 92.20,
respectively. Both the estimated values for the
Radium equivalent activities and the absorbed dose
rates are less than their respective limits of 370 Bq/kg
and 84 nGy/h recommended in literature(**-2%),

CONCLUSION

The terrestrial gamma dose rates in the study area
revealed the hotspot in station 7, which could be
the vulnerable zone to both human and ecosystem
in the area since the value obtained there is 134%
higher than the recommended value. The gamma dose
measurement indicates higher gamma dose rate of
79 nGy/h, ~134% higher than the world average of
79 nGy/h. The values for U-238, Th-232 and K-40
activity levels ranges between 29.9 and 21.6; 103.2 and
31.2; and 802.2 and 233.5 with mean values of 26.1,
55.6 and 499.3 Bq/kg, respectively. Comparing the
mean values with the earlier study carried out along
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Scatterplot of U-238 (Bq/kg) vs Th-232 (Bq/kg)
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Figure 8: Correlation between the specific activities of U-238 and Th-232 (Bq/kg).
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Figure 9: Correlation between the specific activities of U-238 and K-40 (Bg/kg).
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Scatterplot of Th-232 (Bq/kg) vs K-40 (Bq/kg)
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Figure 11: Probability distribution and cumulative probability plots of the radium equivalent.
Table 3. Summary of the MCS.
5% Mean 95%
Raeq (Bq/kg) 91.10 146.00 203.00
D (nGy/h) 42.90 673.00 92.20
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Figure 12: Probability distribution and cumulative probability plots of the absorbed dose rate.

the river sediments during rainy season, with range
of activity levels of 14.5-31.8, 10.9-103.2 and 148.7—
852.9 Bq/kg, respectively, for U-238, Th-232 and K-
40, it can be observed that they are within the range
with slight variations. Statistically, this study con-
firmed insignificantly negative correlation and also
relatively non-linear relationship between U-238 and
Th-232 in the sediment samples from the riverine
area, whereas a most liner trend and positive correla-
tion between K-40 and Th-232 were confirmed. The
risk analysis according to the mean, 5th and 95th
percentiles of the probabilities due the activities of
these radionuclides using the MCS reveals that the
estimated values for the Radium equivalent activities
and the absorbed dose rates are less than their respec-
tive limits of 370 Bq/kg and 84 nGy/h, respectively,
recommended by UNSCEAR.

This study could be used to monitor other riverine
areas in West African Region as baseline data.
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