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Many households in gold-mining regions of northern Tanzania have limited access to safe and reliable drinking
water and rely on surface water, groundwater, and locally caught fish as key drinking-water and dietary sources,
yet the radiological safety of these sources remains uncertain. This study evaluated age-dependent radiological
risks from ingestion of naturally occurring radionuclides (234U, 238U, 226Ra, 210Po, 210pp) in multiple water
sources and in fish tissues (bones, gills and flesh) of African lungfish (Protopterus aethiopicus), Nile tilapia
(Oreochromis niloticus) and African Catfish (Clarias gariepinus). Activity concentrations were determined by
radiochemical separation followed by alpha spectrometry and gas-flow proportional counting. Annual effective
dose (AED) and excess lifetime cancer risk (ELCR) were estimated using age-specific water and fish consumption
rates. Groundwater, particularly from shallow wells, produced the highest exposures, with a maximum AED for a
5-year-old child, dominated by 22*U, exceeding both the World Health Organization (WHO) screening level
(0.1 mSv/y) and the International Commission on Radiological Protection (ICRP) public dose reference level (1
mSv/y). Fish consumption was the dominant pathway, with African lungfish consistently yielding the highest
AEDs, followed by Tilapia and Catfish. The dose contributions were dominated by 210py, (75% —96%) and 210p,,
(4% - 25%), while 234U, 238U, and ??°Ra contributed <1%. The estimated ELCRs associated with consumption of
all fish species, exceeded the USEPA acceptable risk range (10~® — 107%). Elevated 2>*U/238U activity ratios (>1)
indicated preferential mobilisation of 2>*U via alpha-recoil, while low 21°Po/2!°Pb ratios (<1) confirmed 2!°Pb
predominance. These findings underscore the need for continued radiological monitoring and targeted mitiga-
tion to protect vulnerable communities.

1. Introduction

Naturally occurring radionuclides (NOR) originating from uranium,
thorium and actinium decay chains are widespread in the Earth's surface
systems, including the lithosphere, biosphere, and pedosphere. These
radionuclides are mostly alpha emitters, but many of their short-lived
progeny also emit beta and gamma radiations (Hosseini et al., 2008;
Srivastava et al., 2013; Strok et al., 2010a; Wu et al., 2018). Human
activities, such as industrial operations, agriculture, and mining, can
exacerbate the presence of radionuclides, notably through the release of
radioactive elements with mining effluents, thereby contaminating
water sources, vegetation, aquatic biota and potentially elevating
radiological risks to populations (Ademola et al., 2014; Akoto et al.,
2020; El-Taher et al., 2018; Nuccetelli et al., 2012a; Strok et al.,
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2010b; Ugbede et al., 2020).

The mobility and transfer of radionuclides in ecosystems are influ-
enced by various factors such as the chemical characteristics of the
element, the physicochemical properties of soil or water (such as pH,
organic matter content, competing ions, and redox conditions), and the
extent of uptake by different types of biota (Botwe et al., 2017; Smodis
et al., 2014). The fate and distribution of radionuclides within aquatic
environments are determined by biogeochemical reactions such as
dissolution, hydrolysis, complexation, sorption/desorption, and copre-
cipitation (Nuccetelli et al., 2012a; Strok and Smodis, 2011c).

Throughout early human civilization, groundwater and surface
water were utilized interchangeably or as substitutes for each other as a
source of drinking water and domestic use (Ugbede et al., 2020). Among
the diverse sources of water, groundwater remains a significant global

Received 23 February 2026; Received in revised form 22 July 2026; Accepted 23 July 2026

Available online 28 July 2026

0265-931X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:marko.strok@ijs.si
www.sciencedirect.com/science/journal/0265931X
https://www.elsevier.com/locate/jenvrad
https://doi.org/10.1016/j.jenvrad.2026.108119
https://doi.org/10.1016/j.jenvrad.2026.108119
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvrad.2026.108119&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D.R. Seif et al.

reservoir of safe water for drinking, domestic use, and agricultural and
industrial operations (Abed et al., 2021; Chander et al., 2023; Isinkaye
et al., 2025; Jakobezyk-Karpierz et al., 2020). Both groundwater and
surface water sources are vulnerable to contamination by natural ra-
dionuclides (Akpanowo et al., 2021; Bajak et al., 2023; Benedik et al.,
2015; Rozmaric et al., 2012a,b). In an aquatic environment, radionu-
clides such as uranium isotopes (®34U and 2%%U), 2%°Ra, 210Pb, and 2'%Po
are readily transferred through the aquatic food web, accumulating in
fish tissues and subsequently contributing to internal exposure among
populations relying on local water and fish resources (Kazoka et al.,
2023; Rozmari¢ et al., 2012; Strok and Smodis, 2011a). Ingestion of
radionuclides such as U and Ra can result in chemical and radiological
toxicity, with associated risks including cancer, organ damage, and ge-
netic effects (Ugbede et al., 2020). For the radiological protection of the
public, a screening reference level of 0.1 mSv/y for annual effective dose
from drinking water ingestion is recommended by the World Health
Organization (World Health Organization, 2011, 2022), and 1 mSv/y is
recommended by the International Commission on Radiological Pro-
tection (ICRP) for all generated sources of exposure (ICRP, 2007a; ICRP,
2013). Exceeding WHO and ICRP reference levels does not immediately
signify an unacceptable health risk but requires further assessment of the
acceptability of the risk and, in the case of unacceptable risks, imple-
mentation of risk-reduction strategies. As such, exceeding the reference
levels helps identify critical exposure pathways and the most affected
population groups, and streamline further investigations and moni-
toring strategies to ensure adequate protection of the population from
excessive exposure to ionizing radiation.

Globally, several studies have assessed radionuclide contamination
in water and associated aquatic biota, especially where mining activities
perturb natural systems (Goulet et al., 2022; Putri et al., 2022; Rovan
et al., 2021; Strok and Smodis, 2011b; Viloria et al., 2020). The re-
sults demonstrated that NOR (238U, 22°Ra, 228Ra, 21%Pb, 219Po) and other
decay products can elevate radiation doses to humans and biota,
including freshwater/marine fish and benthic invertebrates. In addition,
existing studies in Africa have also documented elevated radionuclides
in groundwater near mining areas, with ingestion doses, especially for
children, exceeding World Health Organization (WHO) and United Na-
tions Scientific Committee on Effects of Atomic Radiation (UNSCEAR)
reference levels, though data regarding radionuclides in aquatic biota,
including uptake in fish, still remain scarce (Akpanowo et al., 2021;
Bello et al., 2020; Isinkaye et al., 2025).

Large-scale and artisanal gold mining operations are prevalent in
Northern Tanzania, particularly in the Mara Region, where local com-
munities depend almost entirely on untreated surface water, shallow
wells, boreholes, and fish caught from nearby water bodies for their
daily needs, making ingestion the primary route of exposure to NOR.
Subsequently, 2*8U and 234U contribute both chemical and radiological
toxicity, while ?2°Ra and 2'°Pb tend to accumulate in bones and
mineralized tissues. Among the alpha-emitting radionuclides (*33U,
234y, 22Ra and 2!%Pb), 2!%Po is especially significant because of its
strong accumulation in soft tissues such as fish flesh and organs, making
it a major contributor to ingestion dose in aquatic consumption (Benedik
et al., 2024; Farcas et al., 2020; Friday et al., 1996; Hosseini et al., 2008;
Li et al., 2020; Strok and Smodis, 2011b).

Based on the studies conducted in Tanzania, radiological assessments
in mining environments have been confined mainly to soils, sediments,
tailings, or occupational exposure (Focus et al., 2022; Kimaro and
Mohammed, 2015), with a limited number of research on radionu-
clides in water and aquatic biota (Kazoka et al., 2023; Kimaro and
Mohammed, 2015; P. Banzi, 2016a), and with little emphasis on:
comparative behaviour of radionuclides across multiple water sources
(surface water, shallow wells, boreholes), tissue-specific bio-
accumulation in fish, seasonal variation, and age-dependent radiological
dose and cancer risk assessment associated with water and fish inges-
tion. The absence of integrated water—fish radioecological studies in
Northern Tanzania therefore represents a critical concern. There is a
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need to assess exposure to radioactivity present in water and fish in the
region. A comprehensive evaluation can provide a realistic picture of
radiological exposure for households that rely on these local resources in
mining-impacted regions. Therefore, in this work, the levels of 238U,
234U, and 2*°Ra in water (both surface and groundwater) and fish tissues
(338y, 234y, 226Rq, 219pD, 2100) used by the population residing in the
proximities of gold mining areas of Mara Region were determined and
annual effective dose, and cancer risk arising from water and fish con-
sumptions was estimated for different age groups.

2. Materials and methods
2.1. Description of study area

The study area is located in Rorya and Tarime Districts within the
Mara Region of Tanzania, situated in the North-West of the country
between latitudes 1°00" and 1°45'S and longitudes 33°30" and 35°00'E
(shown in Fig. 1) at elevations ranging from 800 to 1500 m above sea
level. The region hosts both active and historical gold mining activities,
which have the potential to influence the mobilisation and distribution
of naturally occurring radionuclides in the surrounding environment.

The region is characterised by an equatorial hot and humid climate
with a bi-modal rainfall pattern (long rains from March to May and short
rains from October to December) and temperatures between 14 °C and
30 °C. The region encompasses Rorya District, bordered by Kenya
(Migori and Suba counties) to the north, Tarime District to the east,
Musoma District to the south, and Kagera Region to the west, with its
western margin along the eastern shoreline of Lake Victoria. The
regional hydrology is dominated by the Mara River, which originates
from the Mau Escarpment in Kenya, flows through the Maasai Mara
National Reserve and the Serengeti National Park, and ultimately dis-
charges into Lake Victoria. In addition to the Mara River, the Mori River
and its tributaries also drain into Lake Victoria within the study area
(Omolo et al., 2018).

Regional geology of the Mara region is diverse, featuring Archean
greenstone belts (Nyanzian and Kavirondian Supergroups) with meta-
volcanic (basalts, andesites, rhyolites) and metasedimentary rocks
(banded iron formations, cherts, shales), large granitoid intrusions
(granite, granodiorite, tonalite), Proterozoic sedimentary rocks, and
Quaternary alluvial deposits. These geological formations host signifi-
cant mineral deposits, including gold and heavy minerals (Kabete et al.,
2012; Kazimoto and Ikingura, 2014). While there is no direct uranium or
gold mining downstream of the Mara River Wetland, upstream mining
activities, notably gold mining in the nearby Tarime District and in
Kenya, can influence the environmental quality of the Mara River
through transboundary pollution. Additionally, agricultural runoff and
natural geochemical processes may contribute to potential contamina-
tion of the river system, impacting water quality and local ecosystems.

2.2. Sampling and sample preparation

2.2.1. Water samples

A total of eighty-nine (89) water samples were collected from rivers
(Mara and Mori rivers), streams, boreholes, shallow wells, and dug wells
of both privately and government/community-owned sources for
drinking and other domestic purposes during the rainy (32 samples) and
dry (47 samples) seasons (March and August 2024). At each sampling
location, triplicate samples were collected using pre-cleaned, high-
density polyethylene (HDPE) bottles to ensure robust field-level repli-
cation, which yielded a total of 267 L of water for two seasons. Before
groundwater sampling, boreholes were purged to allow water to flow for
at least 3 min to ensure that the sample is representative of the
groundwater (Benedik et al., 2015). Surface water samples were
collected at 0-15 cm below the water surface by submerging uncapped
sampling bottles upside down.

The collected water samples were filtered on-site through 0.45 pm
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Fig. 1. A map showing sampling locations for ground and surface water along the Mara River, Mori River and Tributaries in northern Tanzania.

pore size filters (Minisart 16555K) and acidified with concentrated
supra-pure HNOj3 to pH < 2 to prevent adsorption of radionuclides onto
container walls within 12 h after sampling, then stored in 1 L prewashed
high-density polyethylene (HDPE) bottles (prewashed using 10% v/v
HNOj3 and rinsed several times using deionised water). During sampling,
each prewashed sampling bottle was rinsed three times again with
surface water (Benedik et al., 2015; Tonev et al., 2023). Sampling lo-
cations are presented in Fig. 1, whereas sampling codes, geographical
information, and on-site physicochemical parameters (dissolved oxygen
(DO), electrical conductivity (EC), turbidity, temperature (T), Total
Dissolved Solids (TDS), and Potential Hydrogen (pH)) are presented in
Tables S1 and S2. All water samples were shipped to the Jozef Stefan
Institute laboratory in Ljubljana, Slovenia, for analysis.

2.2.2. Fish samples

Three fish species (Tilapia, African Lungfish, and Catfish) commonly
consumed by local communities were collected from the Mara River at
Kirumi and Kukona during the dry season. The species were selected for
analysis based on their ecological and feeding behaviour; African
Lungfish (Protopterus aethiopicus) and Catfish (Clarias gariepinus) repre-
sent benthic bottom-dwelling taxa that inhabit substrates and feed near
sediments (Gartner et al., 2022; Tesfahun and Alebachew, 2023),
whereas Tilapia (Oreochromis niloticus) is a demersal-benthopelagic
species that forages in both mid-water and near-bottom habitats
(Temesgen et al., 2022). A total of six samples, each weighing about
2 kg, were collected. Individual fish were subsequently dissected into
the following distinct tissue fractions: muscle (flesh), gills, and bone
(comprising vertebrae and skull). Each tissue fraction was thoroughly
rinsed with deionised water to remove adhering debris and freeze-dried
to constant weight for 45 h (Benedik et al., 2024; Putri et al., 2022; Strok
and Smodis, 2011b). Dried fish tissues were then shipped to the Jozef
Stefan Institute laboratory in Slovenia for analysis.

2.3. Analytical procedures

2.3.1. Radiochemical separation of uranium isotopes *®u, 2%°U, and
234U) in water

Uranium isotopes were determined by alpha spectrometry following
radiochemical procedures used to isolate uranium from the matrix, as
described by Benedik et al. (2015) and Tonev et al. (2023). To a known
volume of water (approximately 0.5 L), a known amount of uranium
232y tracer (~0.03 Bq) was added to the water sample (for quantifica-
tion and recovery control). Uranium was co-precipitated with iron (III)
chloride (FeCl3) at pH 9 - 10, followed by the addition of ammonia
solution (NH4OH). The precipitate was separated from the overlying
water by decantation and centrifugation and dissolved in 3 M HNOs.
Uranium was separated by using uranium tetravalent actinide (UTEVA)
extraction chromatographic resin, micro-precipitated with Nd>*, fol-
lowed by the addition of TiCl3 and concentrated hydrofluoric acid (HF).
The precipitate was allowed to form at 4 °C for 30 min. The suspension
was then filtered through a 25 mm diameter 0.1 pm polypropylene filter,
mounted on an aluminium disc, and dried.

2.3.2. Radiochemical separation of ?*°Ra in water

The analytical procedures for the determination of 22°Ra, adapted
from (Benedik et al., 2010, 2015), involve the addition of 1**Ba tracer to
a known volume of water (approximately 0.7 L), followed by
co-precipitation of radium and barium (in Pb(Ra)(Ba)SO4) with pPb*
and the addition of concentrated sulphuric acid (H2SO4) during stirring.
After the precipitate settled to the bottom, the overlying water was
decanted, and precipitate was centrifuged; the supernatants were dis-
carded. The PbSO4 precipitate containing radium and barium was dis-
solved in 4 mL of 0.1 M EDTA/0.5 M NaOH, followed by the addition of
1:1 acetic acid solution until pH 4 — 5 was attained while stirring, thus
precipitating BaSO4, while Pb®" ions remained in solution. To the so-
lution, saturated NaySO4 solution and 0.125 mg mL ™! BaSO4 suspension
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was added, acting as a seeding precipitate to obtain small particles. The
precipitate was allowed to form for 30 min, then filtered through a
25 mm-diameter 0.1 pm polypropylene filter. The filter with Ba(Ra)SO4
deposit was dried, mounted on an aluminium disc and then dried again
(Benedik et al., 2010).

2.3.3. Digestion procedures for the determination of uranium isotopes and
226Rq in fish tissues

Prior to radionuclide determination, a subsample of about 6 g taken
from each fish tissue was ashed at 650 °C in a muffle furnace for 5 h in
order to eliminate organic matter. A known mass of the ashed samples in
a platinum crucible was then fused together with 23207 tracer (0.1 mL),
1334 tracer (0.6 mL), and 3 g of lithium borates in a Claisse LeNeo
furnace at 1050 °C for 23 min. After fusion, the glass was immediately
poured into 100 mL of stirred deionised water in a Teflon beaker. The
content was then transferred to a glass beaker, stirred, and heated to
125 °C, followed by the addition of 10 mL concentrated HNO;3 to
dissolve the obtained glass (lithium borate glass). When the volume of
solution was reduced to 50 mL, the temperature was decreased to 90 °C.
After the cooling of the sample, 1 mL of 0.2 M polyethylene glycol so-
lution (PEG) was added (to remove silicates), and stirring was applied
for 1 h. The solution was left overnight. The sample was filtered before
loading on the column through a quantitative filter paper (Nursapina
et al., 2022; Strok et al., 2010c).

2.3.4. Radiochemical separation for simultaneous determination of *°Ra,
238y, 235y, and ?3*U in fish tissues

Extraction chromatographic separation techniques based on tetra-
valent actinides (TEVA) and Uranium and tetravalent actinides (UTEVA)
resins (Eichrom Technologies) adopted from (Nursapina et al., 2022;
Planinsek et al., 2016; Strok et al., 2010b) were used in the separation of
radium and uranium isotopes in the fish tissues. An extraction chro-
matographic resin UTEVA, was used for the separation of uranium iso-
topes. A TEVA extraction chromatographic resin was used for the
separation of thorium isotopes, while radium isotopes passed through
both columns. In more detail, the sample was loaded onto TEVA and
UTEVA resins in a column. The columns were first preconditioned by
washing with 10 mL of deionised water, 10 mL of 1 M HNOg3, and 10 mL
of 3 M HNOs. The sample was filtered onto a quantitative filter paper
when loaded onto the column, and the filter was washed with 5 mL of
3 M HNOsg prior to removal. 30 mL of 3 M HNO3 was used to elute Ra
from the column. Then the columns were separated, and the UTEVA
column was further washed with 5 mL of 9 M HCI and 25 mL of 5 M
HCI-0.05 M oxalic acid to remove residual of thorium and other inter-
fering radioisotopes. Then, uranium radioisotopes were washed out with
15 mL of 1 M HCL After separation processes, alpha-emitting sources
were prepared by micro-coprecipitation. Uranium isotopes were
micro-coprecipitated with NdFs3, whereas 22Ra was
micro-co-precipitated by using Ba(Ra)SO4 as described by Planinsek
et al. (2016); Strok et al. (2010a); Strok and Smodis (2011d).

2.3.5. Radiochemical separation procedures for determination of 1%Po in
fish tissues

To a known mass of the sample (~5 g flesh; ~ 2 g gills/bones) in the
Erlenmeyer flask, a known activity of 209p tracer (0.15 mL) was added
for chemical recovery determination of the radiochemical separation.
The sample was digested with 25 mL of concentrated HNO3 and 5 mL of
concentrated HCI overnight at room temperature, covered with a watch
glass. The sample was heated at 200 °C for 30 min, then cooled. After
cooling, 10 mL H20, was added, and the solution was evaporated to
dryness at 100 °C. The procedure was repeated three times. To remove
the remaining HNOg3, 2 mL of concentrated HCI was added, and then the
mixture was evaporated to incipient dryness.

For the determination of 2'°Po, the dry digested sample residue was
dissolved in 2 mL of concentrated HCl, and diluted to 100 mL deionised
water. In order to reduce Fe(Ill) and prevent coplating of iron and
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interfering elements, 0.3 g of ascorbic acid was added to the solution.
This was followed by the spontaneous deposition of polonium on a
19 mm-diameter silver disk (fixed in a holder, immersed in the solution
while covered on one side) at 90 °C for 4 h, while stirred with the stirring
bar. After the deposition was finished, the disk was rinsed with deionised
water and dried in air (Benedik et al., 2024; Jia et al., 2001; Strok and
Smodis, 2011b).

2.3.6. Radiochemical separation procedures for determination of 1°Pb in
fish tissues

For the determination of the recovery of radiochemical separation, to
a known amount of sample (~5 g flesh; ~ 2 g gills/bones), a known
amount of Pb?* carrier (2 mL) was added. The sample was then digested
with 30 mL of concentrated HNO3 and 6 mL of concentrated HCI over-
night at room temperature, covered with a watch glass. The sample was
heated at 200 °C for 30 min in a covered Erlenmeyer flask. The solution
was then cooled at 100 °C, and the sample was evaporated to dryness. To
the residue, 10 mL H20, was added, and the solution was evaporated to
dryness at the same temperature. The remaining precipitate was dis-
solved with 6 mL HCL and evaporated to dryness at 100 °C. The pre-
cipitate was then dissolved with 10 mL of 2 M HCI and filtered through a
quantitative filter paper.

Then Pb was separated from other radionuclides using Sr Resin
extraction chromatographic resin(Triskem International) according to
the procedure described by Strok and Smodis (2011b) and Vrecek et al.
(2004). To the Sr Resin separation column, which had been conditioned
with 50 mL of deionised water, 50 mL of 1 M HCI, and 50 mL of 2 M HCI,
the filtrate was introduced. The column was then washed with 50 mL of
2 M HCI, followed by a consecutive addition of 60 mL of 6 M HNOs. All
these eluates were discarded. In a clean beaker, Pb was stripped from the
column by adding 60 mL of 6 M HCI, and the solution was evaporated to
dryness, then dissolved in 30 mL of deionised water. The sample was
then filtered through a quantitative filter paper, 2 mL of concentrated
H3SO4 was added to precipitate PbSO4 from the solution, the mixture
was stirred for 30 min to allow all the PbSO4 to precipitate from the
solution, and centrifuged. The supernatant was decanted, and the pre-
cipitate was washed with deionised water and centrifuged again. The
procedure was repeated until the supernatant reached neutral pH. Then
the precipitate was transferred into a specially designed centrifuge tube,
which allows a counting planchet to be placed on the bottom, and the
tube was centrifuged again. After that, the solution was removed, and
the counting planchet with the PbSO4 precipitate was dried under a
heating lamp and weighed to determine the radiochemical recovery of
the separation gravimetrically. Prepared sources were left for about 30
days to allow for in-growth of 21°Bi.

2.4. Measurements

238U, 235U, 234U, 226Ra, and 2'°Po were measured on an alpha
spectrometry system equipped with passivated implanted planar silicon
detectors (Alpha Analyst, Canberra), which was calibrated with a mixed
alpha certified standard with activity traceable to SI units. Chemical
recoveries for uranium were determined by the same system, and those
for 2?°Ra were determined by measuring >*Ba on a gamma-ray spec-
trometer consisting of a Hyper Pure-Germanium (HP-Ge) detector
connected to a multichannel analyser (Spectrum Master 919, Ortec).
13%Ba activity was determined relative to a'>*Ba certified standard so-
lution with activity traceable to SI units, which was evaporated onto an
aluminium disc to achieve the same geometry (Benedik et al., 2015;
Strok et al., 2010b). 21°Pb was measured on a low-background gas-flow
proportional counter, previously calibrated to allow corrections due to
in-growth of 21°Bi and different self-absorptions for samples with
different chemical recovery (Strok et al., 2008). Chemical recovery for
219k was determined gravimetrically by weighing the PbSO4 precipi-
tate. All tracers used were prepared from certified standard radioactive
solutions with activities traceable to SI units; blanks were also prepared
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and processed using the same radiochemical separation procedure as for
the samples.

The minimum detectable activity (MDA) concentration was calcu-
lated according to (International Organization for Standardization
(ISO), 2025) and depended on detector background, counting time,
detector efficiency, chemical recovery, and sample mass. Consequently,
the MDA varied among samples rather than being represented by a
single value. Typically, alpha spectrometry detection limits achieved
were in the range of 1E-4 Bq.

2.5. Health risk assessment due to exposure to NORs in water and fish

2.5.1. Annual effective dose from water ingestion and fish consumption

The annual effective dose (AED) due to ingestion of radionuclides
(38U, 234U, and 2?°Ra) in water was estimated for different age groups
(infants, children, and adults), adopted from ICRP Publication 119
(ICRP, 2013), using the activity concentrations of the radionuclides
determined in water samples according to Equation (1). Doses were
calculated for infant, children, and adult age groups (Table 1) based on
the annual water consumption estimated by (UNSCEAR, 2000; World
Health Organization (WHO), 2022).

In Equation (1) AED;; represents annual effective ingestion dose due
to relevant radionuclide for specific age group in mSvy~}; C; is the ac-
tivity concentrations of radionuclide i in the water (BqL’l); DCFj is the
dose conversion factor of radionuclides for specific age group
(mSvBq~1); and IR; is the drinking water ingestion rate for age group (Ly
1), Table 1 shows the dose conversion factors (from ICRP, 2013) used in
calculating the AED;;. The annual consumption rate of water for the
different age groups were extracted from publication by the WHO
(World Health Organization, 2011, 2022). The total annual effective
dose from water for each age group was obtained by summing the
contributions from all radionuclides considered.

To account for seasonal variability in radionuclide concentrations,
AED values were first calculated independently for dry and rainy sea-
sons. The total annual effective dose was then estimated by assuming
equal exposure durations for both seasons (six months each) according
to equation (2):

AED = 0.5 % AEDg, + 0.5  AEDyginy )

To ensure comparability, the same dosimetric framework was
adopted for fish ingestion of specific radionuclides (?*8U, 234U, 2%%Ra,
210p,  and 219Pb) measured in fish tissues (flesh, bones, and gills) as
shown in Equation (3):

AEDjg, = Cay * IRy yr * DCF )

Where; IR4yyr = IRyeyr * 0.30 (assuming 70% of fish is moisture and
30% is dry matter); Cqy is the activity concentrations of radionuclide in
fish tissue in dry weight (Bq/kg); DCF is the dose conversion factor of
radionuclides for specific age group (mSqu_l); and IR 4w,y is the annual
fish intake in dry weight based on age group (kg/y), with assumption
that each adult eat 0.5 kg fresh weight (f.w) per day = (0.5 kg (f.w) * 365
* 30% of fish moisture) = 54kg/y dry weight; and infants eat 0.125 kg

Table 1
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fresh weight (f.w) per day = (0.125 kg (f.w) * 365 * 30% of fish
moisture) = 13.7kg/y dry weight; and children eat 0.25 kg f.w per day =
(0.25 kg (f.w) * 365 * 30% of fish moisture) = 27.4 kg/y dry weight.
Total annual effective dose from fish for each age group was obtained by
summing contributions from all radionuclides considered. In the
calculation of AED and the percentage contribution of individual ra-
dionuclides to the total dose, the mean activity concentrations of the
edible fish flesh for each species were used.

2.5.2. Cancer risk assessment

The excess lifetime cancer risk (ELCR) due to ingestion of radionu-
clides or fish based on the age groups was calculated using Equation (4)
(ICRP, 2007b; UNSCEAR, 2000). Since the ingestion dose varies with
age, ELCR was calculated by summing cancer risk contributions across
the respective age intervals up to 70 years, rather than applying a single
life expectancy to a single group.

ELCR =) AEDqua; * RF * At; 4

Where AED nnuq1; is the annual effective ingestion dose for age group i
(mSv/y), At; is the duration (years) of the corresponding age interval,
and RF is the risk factor in Sv™'. The risk factor is equal to 5.2 x 1072
Sv~! according to the nominal probability coefficient recommended by
ICRP (2007b).

2.6. Statistical analysis

Seasonal differences of water parameters and activity concentrations
of NORs in water sources (surface water, shallow wells, boreholes) were
evaluated using Shapiro-Wilk and.

Kolmogorov-Smirnov non-parametric tests due to the typically
skewed distribution of radiological data. Due to the skewed distribution
of both physicochemical parameters and radionuclide activity concen-
trations data, the results were presented using median and range
(minimum-maximum) instead of the mean. Relationship between ra-
dionuclides and basic water quality parameters were assessed using
Spearman's rank correlation coefficient. Principal component analysis
(PCA) was further applied to identify the dominant geochemical pro-
cesses and potential seasonal patterns influencing radionuclide distri-
butions. All statistical analyses were performed using Python with
significance set at p < 0.05.

3. Results and discussion
3.1. Physico-chemical parameters in water

The physicochemical parameters of water (T, pH, EC, TDS, DO, and
Turbidity), varied between dry and rainy seasons, as shown in Fig. 2a-f
and Tables S1 and S2. Temperature ranged from 20.5 °C to 30.8 °C
(Fig. 2e), reflecting the tropical climate conditions of the study area
(Ligate et al., 2022; WHO, 2022). Most of the surface water samples had
pH values that exceeded the WHO guideline of 8.5, suggesting alkaline
conditions likely influenced by carbonate-rich rocks, sediment resus-
pension, or localised runoff and catchment disturbance (WHO, 2022).

Dose conversion factor with estimated annual water consumption rate for different age groups.

Age group Annual water consumption (L year ) Dose convention factor (Sv Bq~!) per age group (ICRP, 2013)
238U 234U 235U 226Ra 2101:,0 210Pb

Infant <1y 109.5 3.4 x1077 3.7 x 1077 3.5 x 1077 4.7 x 107 2.6 x 107° 8.4 x107°
Child 1 year 273.75 1.2x1077 1.3x 1077 1.3 x 1077 9.6 x 1077 8.8 x 107°¢ 3.6 x 107
Child 5 year 365 8.0 x 1078 8.8 x 1078 8.5 x 1078 6.2 x 1077 4.4 x107° 2.2x107°
Child 10 year 365 6.8 x 1078 7.4 x 1078 7.1 x10°8 8.0 x 1077 2.6 x 107° 1.9 x10°°
Teen 12-17 years 547.5 6.7 x 1078 7.4 x 1078 7.0 x 1078 1.5 x 10°° 1.6 x 10°° 1.9 x10°°
Adult >17 y 730 4.5x 1078 4.9 x 1078 4.7 x 1078 2.8 x 1077 1.2 x 107° 6.9 x 1077
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Fig. 2. Boxplots showing seasonal and spatial variations of in-situ water quality parameters in surface water, boreholes, and shallow wells during dry and rainy
seasons: (a) pH, (b) electrical conductivity (EC), (c) dissolved oxygen (DO), (d) total dissolved solids (TDS), (e) temperature, and (f) turbidity. Boxes represent the
interquartile range (IQR) with the median; whiskers indicate the 10th and 90th percentiles, and filled circles denote outliers. Electrical conductivity, total dissolved

solids, and turbidity are presented on logarithmic scales.

However, elevated pH in the shallow well (MR_18) may reflect pro-
longed water-rock interaction, infiltration of alkaline materials from soil
and anthropogenic inputs from surface land where dilution is limited
(Kihampa and Wenaty, 2013; Lapworth et al., 2017; Nkinda et al.,
2021).

Electrical conductivity (EC) and total dissolved solids (TDS) were
generally high, especially in shallow-well and borehole, indicating
higher concentrations of dissolved ions (Fig. 2b and d). The higher EC
(~3890 pS/cm) and TDS (~2560 mg/1) during dry season were signif-
icantly above WHO guideline values for drinking water, suggesting
contributions from dissolution of natural minerals, land-use activities,
household septic tanks or pit latrines, which intensify solute loading in
wells (Al Hatmi et al., 2025; Lapworth et al., 2017). Surface water, at
MR _43, also showed elevated EC (~3080 pS/cm) and TDS (~1970 mg/L
likely linked to agricultural inputs. Compared to earlier studies in the
Mara Basin, the present values indicate increase solute loading, possibly
due to intensified land use (Martin et al., 2018; Nkinda et al., 2021),

Dissolved oxygen (DO) levels were notably lower (<4) in most sur-
face water samples during the rainy season (Fig. 2c) consistence with
organic enrichment and reduce flow conditions, consistence with pre-
vious report from the Mara River basin, where domestic deeds and
livestock waste have been identified as contributors to oxygen depletion
in surface water (VPO, 2022). Low DO in shallow wells and boreholes
likely reflect limited atmospheric oxygen exchange and subsurface ox-
ygen consumption within groundwater systems, with deeper ground-
water also indicating longer residence times and more reducing
conditions (Becher et al., 2022). Turbidity levels were exceptionally
high in all surface water (~622 NTU), and remained elevated in
groundwater (Fig. 2f), particularly during rainy season, suggesting poor
well construction, unconsolidated aquifer materials, and disturbance of
sediments during water abstraction (Lapworth et al., 2017; World
Health Organization (WHO), 2022).

3.2. Activity concentration of 226Ra, 238U, 235U, and ?%U in water

The measured activity concentrations of 238U, 235U, 234U, and %?°Ra
in water samples collected from different water sources (surface water,
shallow wells, and boreholes) during the rainy and dry seasons are
visually illustrated in Fig. 3(a-d) and presented in Tables S 3 and S 4.
The seasonal distributions of radionuclides activity concentration
(?25Ra, 238y, 235U, and 23*U) in water sources (surface water, boreholes,
and shallow wells) show a clear disparity among the investigated water
sources (Fig. 3).

Among other radionuclides, 226Ra (Fig. 3a) depicted the lowest ac-
tivity concentrations across all water sources in both seasons, due to its
relatively low solubility, inability to form soluble complexes in water,
and preferential association with particulate and mineral phases
(Nuccetelli et al., 2012a). Among all water sources, boreholes depicted
the highest activity concentration of 22°Ra and ranged from 0.59 mBq/L
to 169.7 mBq/L with the median value of 4.19 mBq/L during the rainy
season and from 0.4 mBq/L to 107.6 mBq/L with the median value of
5.93 mBq/L during dry season, with peak values at site MR_8 (Table S 4).
Moreover, the measured activity concentrations in all water samples
were below the WHO drinking water threshold, indicating less radio-
logical concern (World Health Organization (WHO), 2022).

Across all uranium isotopes, activity concentration of 234y, when
compared with 238U, portrayed higher concentrations in several sites of
investigated water sources, with the highest activity concentrations in
groundwater (shallow wells), which in some cases exceeded the WHO
threshold limit for drinking water in both seasons (Fig. 3 b and d),
indicating radiological concern to the communities relying on shallow
wells for drinking. The higher 2**U activity concentration when
compared with 238U reflects the isotopic disequilibrium between 234U
and 238U resulting from the alpha decay-induced recoil process, which
reduces its stability by expelling 23U from the mineral lattice (rocks),
enhances 23U mobility, and explains its elevated activity concentrations
in shallow wells where water-rock interaction and exchange processes
are dominant (Kumar et al., 2014, 2016; Tonev et al., 2023). 235y
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Fig. 3. Activity concentration of (a) 226Ra, (b) 238U, (c) 2°°U, and (d) 2**U in surface water, borehole, and shallow wells during dry and rainy seasons.

activity concentrations remain lower than those of other uranium iso-
topes (Fig. 3c), yet are higher in shallow wells than in boreholes and
surface water during both seasons (Tables S3 and S4).

The activity concentration of 22°U in shallow wells ranged from 0.21
to 450 mBq/L during the dry season and from 0.35 to 473 mBq/L during
the rainy season with the median of 4.06 mBq/L and 3.22 mBq/L
respectively, with the peak at MR_3. 28U and 23*U on the other hand,
ranged from 1.19 mBq/L to 3150 mBq/L with the median value of 51.8
mBq/L and from 2.19 mBq/L to 7820 mBq/L with the median of 66.4
mBq/L, respectively, during dry season, with extreme concentrations at
MR_3, MR_18, MR 20 and MR_21. During rainy season, the activity
concentrations of 23®U and 2*#U ranged from 3.2 mBq/L to 3130 mBq/L
(median: 41.9 mBq/L) and from 3.8 mBq/L to 6530 mBq/L (median: 66
mBq/L), respectively, with extreme concentrations at the same sites as
in dry season.

The higher maximum uranium activity concentration in the identi-
fied shallow wells (Table S 4) is likely due to geological characteristics of
sampling sites, where the aquifer overlaps granitic lithology, which is
naturally uranium-enriched from zircon and monazite uranium-bearing
minerals, which ease uranium release into groundwater (Kazimoto and
lkingura, 2014; Mshiu et al., 2008). Moreover, interference from
anthropogenic inputs, likely agricultural activities on the surface water,
specifically the Mara River, has elevated the activity concentrations of
234y and 2%8U when compared to other surface water (Mara River
tributaries and Mori River) sampling sites (Table S 3). The activity
concentration of 228U and 234U ranged from 4.9 to 900 mBq/L with the
median value of 53 mBq/L and from 11.3 mBq/L to 1700 mBq/L with
the median of 90 mBq/L during dry season, with the extreme peak at
MR_43. The measured activity concentrations of 23U exceeding the
WHO drinking water screening level indicate potential annual ingestion
doses above the reference value of 0.1 mSv/y solely from that radio-
nuclide, thereby necessitating further risk assessments and monitoring
to determine whether they pose unacceptable adverse radiological ef-
fects to the population relying on them for drinking water. In oxidizing
conditions, uranium can form soluble stable complexes (eg. with

carbonates) and can move for a long distance, while in reducing con-
ditions (absence of air), it precipitates, forming concentrated secondary
deposits (Nuccetelli et al., 2012a; Rovan et al., 2021).

A correlation analysis (Table 2) revealed a seasonal shift between
uranium isotopes, 22°Ra, and water parameters, suggesting that shallow
wells are particularly vulnerable to hydrogeochemical variations and
surface-derived influence. During the rainy season, significant positive
correlations were observed between 234U and 238U (p=0.93; p=0.05)
and between uranium isotopes, TDS, and EC (p = 0.81; p = 0.015). This
relationship indicates that uranium isotopes transported to shallow
wells through fractures, faults, and weathered rock zones are largely
controlled by ionic strength and salinity-driven complexation. The
strong association between U, EC and TDS agrees with recent work
reporting high U-TDS and U-EC correlations in contaminated ground-
water (Cho and Choo, 2019; Kaur Guron et al., 2025).

Elevated dissolved solids may also reflect anthropogenic inputs from
nearby household septic systems and pit latrines, which intensify solute
loading in wells and enhance uranium mobility in groundwater (Al
Hatmi et al., 2025; Lapworth et al., 2017; Rovan et al., 2021; Tonev
et al., 2023). In contrast, 226Ra exhibited only weak correlations with
EC and TDS (p = 0.48; p < 0.05), suggesting that radium mobilisation is
governed by different geochemical mechanisms, including
adsorption-desorption processes, co-precipitation, and mineral surface
interactions, rather than simple (Zhang et al., 2025).

During dry season, uranium isotopes (?*8u, 25U, and 2**U) showed a
strong positive correlation with temperature (p 0.66-0.68), pH
(p = 0.63-0.64), and EC (p = 0.75-0.81), indicating enhanced uranium
mobility under warmer, more alkaline conditions. These relationships
likely reflect the combined effect of prolonged water-rock interaction,
high evaporation, and reduced dilution (Al Hatmi et al., 2025; Lapworth
et al.,, 2017). A significant positive correlation between turbidity and
dissolved oxygen (p = 0.55) and a weak negative correlation with ura-
nium isotopes (p = —0.17 to - 0.26), suggest that particulate interactions
may partially remove uranium from solution through adsorption or
co-precipitation processes. The consistently strong positive correlation
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Table 2

Spearman correlation matrix between?2°Ra, uranium isotopes and physico chemical parameters of water (pH, EC, DO, TDS and Turbidity) during Rainy and dry
season.

Season Parameters Temperature pH EC DO TDS Turbidity 22°Ra 28y 25y 24y
Rain season Temperature 1
pH 0.69 1
EC #5(,77%% 0.29 1
DO 0.13 —-0.07 0.07 1
TDS #5(),77%% 0.29 / 0.07
Turbidity 0.27 #5(),79%% -0.3 -0.06 1
22°Ra 0.29 0.1 0.48 —0.29 0.24 1
28y 0.62 0.36 -0.17 -0.07 0.48
5y 0.62 0.36 e -0.17 -0.07 0.48 1
B4y 0.62 0.33 #%(),81%% -0.05 -0.1 0.4 #%(),93%* 1
Temperature pH EC DO TDS Turbidity 226Ra 2381y 235y 234y
Temperature 1
Dry season pH *%(.58%* 1
EC #%(), 5 #5(),71%% 1
DO -0.3 0.09 0 1
TDS #%(),55%% 0.22 0.36 0.05 1
Turbidity —-0.51 —0.05 —0.42 #%(),55%% —0.32 1
226Ra 0.34 0.51 0.26 -0.32 0.34 0.14 1
28y **0,66%* #%(),63%% #%(),75%* -0.05 0.32 -0.17 0.38 1
5y #%(,68%% #5(),64%% #%(),81%* —0.09 0.38 —-0.26 0.42 50,98 %% 1
B4y ##(),66% #%(),63%% #5(),75% -0.05 0.32 -0.17 0.38 #1,00%% #%(),98%* 1

** = statistically significant at p < 0.01.

among uranium isotopes in both seasons further indicates a common

performed (Fig. 4). The first two principal components explained
lithogenic origin and coupled mobilization behaviour, as reported in

57.01% of the total variance, with PC1 and PC2 accounting for 40.36%

other groundwater systems affected by natural weathering processes
(He et al., 2022a; Kumar et al., 2016).

To further evaluate the relationship between radionuclides and
physico-chemical parameters identified by the correlation analysis, and

and 16.65%, respectively (Fig. 3a). The PCA biplot showed a clear
separation between dry- and rainy-season samples, confirming that
seasonal hydrological conditions strongly influence groundwater
chemistry and radionuclide mobility. Shallow-well samples were more

to identify the dominant hydrogeochemical processes controlling widely dispersed across the ordination space than borehole samples,

radionuclide distributions, principal component analysis (PCA) was indicating greater hydrochemical variability and a stronger
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(c) scree plot showing explained and cumulative variance.
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susceptibility to surface-derived inputs.

The clustering of uranium isotopes (234U, 235U, and 238U) showed
positive loadings with EC and TDS on PCl, indicating that uranium
occurrence is mainly governed by groundwater mineralisation and
water-rock interaction, in line with previous multivariate studies of
natural radioactivity in groundwater (Abou Zakhem et al., 2017;
Matiatos et al., 2014; Tanaskovic et al., 2012). This is consistent with the
strong positive correlations between uranium and dissolved constituents
in shallow wells (Table 2), suggesting that prolonged contact with
U-bearing lithologies enhances uranium mobilization (Bajak et al.,
2022; Cho and Choo, 2019; Kaur Guron et al.,, 2025). Several
shallow-well samples, particularly MR 20 and MR_21, plot towards the
positive side of PC1, reflecting elevated uranium activities and higher
dissolved ion concentrations. This pattern implies localized uranium
enrichment and emphasizes the role of lithology and residence time,
similar to observations in other fractured and granitic aquifers (Bajak
et al., 2022; Cho and Choo, 2019; Kaur Guron et al., 2025).

The second principal component (PC2) was dominated by tempera-
ture, pH, and dissolved oxygen, indicating an additional control by
physicochemical conditions. The association of uranium isotopes with
temperature and pH further supports the dry-season correlations and
suggests enhanced uranium mobility under alkaline conditions through
stable aqueous complexes, as documented in carbonate-rich and
oxidizing aquifers (Bajdk et al., 2022; Choi et al., 2022; Vengosh et al.,
2022). In contrast, 22°Ra exhibited a distinct loading pattern and showed
a closer association with turbidity and dissolved oxygen, indicating that
radium was strongly influenced by adsorption-desorption and
barite/Fe-oxide-related processes, rather than the same mineralisation
trends that govern uranium (Tanaskovic et al., 2012; Vengosh et al.,
2022). The resulting disequilibrium between U isotopes and Ra-226 is
widely reported, reflecting their different responses to redox conditions,
mineralogy and groundwater flow systems (Bajak et al., 2022; Vengosh
et al., 2022).

Although groundwater from shallow wells and boreholes partly
overlapped in conferment space, shallow wells displayed greater vari-
ability in radionuclide activities and hydrochemical composition, indi-
cating higher sensitivity to surface influences, recharge, and short flow
paths, as also observed in other multivariate groundwater assessments
(Abou Zakhem et al., 2017; Bajak et al., 2022; Matiatos et al., 2014).
Borehole samples clustered closer to the centre of the PCA, suggesting
more stable hydrochemical conditions and lower variability. The sub-
stantial overlap between dry and rainy season samples indicates that
radionuclide distributions are controlled predominantly by subsurface
geochemical processes rather than short-term seasonal changes, in
agreement with studies where mineralisation and redox evolution
outweigh immediate recharge effects (Abou Zakhem et al., 2017; Bajak
et al., 2022; Matiatos et al., 2014).

These findings underscore the key role of aquifer geochemistry in
regulating radionuclide mobility and show that shallow groundwater
systems are more responsive to hydrogeochemical variations than
deeper borehole waters (Abou Zakhem et al., 2017; Matiatos et al.,
2014; Tanaskovic et al., 2012). While proximity to mining activities
was not explicitly evaluated, future studies incorporating
distance-to-mine analyses could help further distinguish mining-related
influences from natural geogenic controls.

24y,238y activity ratios in water

3.3. Seasonal variability of

The natural uranium consists predominantly of 28U (~99.275% by
mass), with minor contributions from 2%°U (~ 0.72%), and trace
amounts of 2*U (~ 0.005%) (Kumar et al., 2014; UNSCEAR, 2000).
Literature reports that 2>*U/2®8U activity ratios in natural water are
often close to unity, although they can also exceed unity under certain
conditions (Boryto and Skwarzec, 2014; Kumar et al., 2014, 2016). The
activity ratio of 22*U/2%8U in the examined water samples shows distinct
variations across water sources (surface water, borehole, and shallow
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wells) during the dry and rainy season (Fig. 5 and Tables S3-5).

The results show that the activity ratios of 2>*U/?%%U in most sites
were greater than 1, surpassing secular equilibrium, confirming pref-
erential mobilisation of 23*U relative to 238U due to alpha recoil pro-
cesses and radiation-induced crystal lattice damage, which promote the
preferential release and leaching of >*U from the mineral matrices into
the aqueous phase (He et al., 2022b; Mourad et al., 2021; Nuccetelli
et al., 2012b; Rovan et al., 2021; Tonev et al., 2023). During dry and
rainy season, the highest 234U/238U activity ratios depicted on boreholes
ranged from 1.31 to 4.39 and from 1.31 to 3.71, with median values of
2.52 and 2.31 respectively, followed by surface water (range: 0.92-3.93
and 0.9-2.72 with median of 1.73 and 1.79) while shallow wells show
lower ratios, though still above the 1 in most sites (range: 0.9 - 2.48 and
0.6 - 2.09 with the median of 1.66 and 1.59). These activity ratio values
lie within the reported ranges of 0.51 - 9.02 (Borylo and Skwarzec,
2014).

The elevated ratios in boreholes (MR_5, MR_7, MR_10, MR_16 and
MR_17), reflect the accumulation of dissolved 234y or direct alpha recoil
from the soils or carbonated rocks into the aqueous phase, prolonged
groundwater times and water-rocks interaction, while moderate ratios
from surface water especially from Mara river tributaries (MR_25 and
MR_39) reflect shorter interaction times and rapid hydrological flushing,
whereas relative lower ratios in shallow wells indicate mixing between
newly recharged water and pre-existing groundwater. Generally, high
and low 234U/238U activity ratios are due to enrichment and depletion of
2347 in groundwater (boreholes and shallow wells), which depends on
the uranium abundance under several geochemical settings during the
alpha recoil process (He et al., 2022a; Kumar et al., 2014; Rovan et al.,
2021).

3.4. Activity concentration of **°Ra, 233U, 23%U, 21°Po and ?'°Pb in fish
tissues

Activity concentration of analysed radionuclides (226Ra, 238U, 235U,
234y, 21OPo, and 21°Pb) of sampled fish tissues (flesh, bones and gills) is
presented in Table 3. Due to differences in feeding habits among fish
species (Tilapia, Catfish, and African Lungfish), variations in activity
concentration among fish tissues were observed. Among all analysed
tissues, 2*8U and 2*4U showed the lowest activity concentrations in flesh
(muscles), with mean activities ranged from 0.06 to 0.71 Bq/kg and
from 0.12 to 0.43 Bq/kg, respectively, while higher values were detected
in Tilapia bones and gills (Table 3). Despite having less information
regarding uranium isotope levels in fish tissues specifically from Africa,
the measured activity concentration of 238U in fish from Mara River,
Tanzania, was lower than that reported by Fasae and Isinkaye (2018).
The activity ratios of 234yy /238 from freshwater fish tissues (Table 3) are

IS

Water source
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@ Borehole
B Shallow Well

----- Secular equilibrium (234U/238U = 1)
g s l

D‘ry Ra'iny
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234238 activity ratio
N

Fig. 5. Seasonal variation of 23*U/?*®U activity ratio across surface water,
boreholes, and shallow wells during dry and rainy seasons. The threshold 1
shown by the dotted line indicates >3*U in secular radioactive equilibrium with
238y, Values below or above the line indicate that this equilibrium is disrupted.
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Table 3
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Activity concentration of radionuclides (Bq/kg) in fish tissues (flesh, bones and gills) samples collected from Mara River with combined standard uncertainties (k = 1).

Sample ID Sample name Tissue Activity concentrations of fish tissues (Bq/kg dry weight) + standard deviation (SD) Activity ratios

238U 234U 226Ra ZIOPO 210Pb 21OP0/210Pb 234U/238U
16/25 Tilapia Flesh 0.21 + 0.04 0.39 + 0.05 0.11 + 0.02 0.64 + 0.16 28 +5.1 0.03 2.48
17/25 0.14 + 0.03 0.46 + 0.06 0.6 + 0.059 0.73 + 0.18 16.1 +2.7
Mean + SD 0.17 + 0.04 0.43 + 0.06 0.36 + 0.042 0.68 + 0.17 22 + 3.9
16/25B Bones 1.81 £ 0.12 2.72 £ 0.16 2.22 +£0.17 0.53 £ 0.47 15.7 £ 9.9 0.03 1.6
17/25B 1.39 £ 0.11 2.4 +£0.16 3.0 +£0.21 0.86 + 0.35 31 +9.0
Mean + SD 1.6 + 0.12 2.56 + 0.16 2.61 + 0.19 0.69 + 0.41 23.4+9.5
16/25G Gills 1.71 £ 0.12 3.56 +£ 0.19 0.85 £ 0.10 2.26 + 0.56 48.8 + 8.5 0.06 2.11
17/25G 2.38 £ 0.15 5.1 +£0.25 1.4 £0.13 3.4 +0.97 40.4 + 8.1
Mean + SD 2.05 + 0.13 4.33 + 0.22 1.13 + 0.12 2.85 + 0.77 44.6 + 8.3
18/25 Catfish Flesh 0.14 £ 0.04 0.15 + 0.04 0.12 £ 0.03 1.52 +0.36 20.2 + 3.4 0.11 1.47
19/25 0.05 + 0.03 0.14 + 0.05 0.15 + 0.03 2.23 +0.55 15.2 £ 2.7
Mean + SD 0.10 + 0.03 0.14 + 0.05 0.14 + 0.029 1.88 + 0.46 17.7 + 3.0
18/25B Bones 0.58 + 0.06 0.96 + 0.08 0.98 +0.13 0.87 + 0.43 41.2 +£14.4 0.04 1.69
19/25B 0.39 + 0.05 0.68 + 0.07 0.65 + 0.10 2.82 + 0.61 62.9 +£9.6
Mean + SD 0.49 + 0.057 0.82 + 0.07 0.82 + 0.11 1.84 + 0.52 52.1 + 12
20/25 African Lungfish Flesh 0.11 + 0.02 0.08 + 0.03 0.092 + 0.02 2.43 +£0.39 26.6 + 3.0 0.09 1.80
21/25 0.02 + 0.02 0.16 + 0.04 0.07 + 0.02 1.87 + 0.43 229 +3.8
Mean + SD 0.06 + 0.02 0.12 + 0.03 0.081 + 0.02 2.15 + 0.44 24.7 + 3.4

above 1, mirroring the pattern observed in water samples (Table S3) as a
result of preferential mobilisation of 234U relative to 2>®U due to alpha
recoil effect, which cause equilibrium disruption in soil and water as a
result of preferential release and leaching of 23U from the mineral
matrices to the environment (Nuccetelli et al., 2012b; Strok and Smodis,
2011c).

The highest mean activity concentration of >Ra was recorded in
Tilapia bones (2.61 + 0.20 Bq/kg) and gills (1.13 £ 0.12 Bq/kg),
consistent with preferential accumulation in mineralized skeletal tissues
and water-contact organs. Similar bone-dominant patterns of 22°Ra have
been reported in freshwater and marine fish species, in which skeletal
tissues exhibit substantially higher levels than muscle tissues (Donaher
et al., 2023; Lacroix-Durand et al., 2025). This behaviour reflects the
chemical similarity of ?°Ra to Ca®*, enabling its incorporation into the
mineral phase of bone during skeletal mineralisation (Donaher et al.,
2023; Jeffree and Simpson, 1986; Jeffree and Simpsonf, 1984).

In contrast, lower activity concentration measured on African
Lungfish flesh (0.081 + 0.020) indicated minimal incorporation into
flesh (muscle) tissue. Overall, the measured activity concentration of
226Ra in fish from Mara River were lower than those reported for fish
from Lake Manyara (7.61 + 0.21Bq/kg), Tanzania, Lake Edward (12.76
to 18.73 Bq/kg) from Uganda and from Eleyele Reservoir (21.65 + 1.83
Bq/kg) from Nigeria (Kazoka et al., 2023; Sunday et al., 2025; Uzorka
et al., 2025), highlighting spatial variability linked to geochemical
conditions and environmental settings. The moderate activity concen-
trations in edible fish tissues have been observed for 2!°Po, ranging from
0.68 + 0.17 for Tilapia flesh to 2.15 + 0.44 Bq/kg for African Lungfish
flesh. Across all fish species and tissues, 2!°Pb depicted the highest ac-
tivity concentrations and ranged from 17.7 + 3.0 Bq/kg (Catfish flesh) to
24.7 + 3.4 Bq/kg (African Lungfish flesh), and from 23.4 + 9.5 Bq/kg
(Tilapia bones) to 52 + 12 Bq/kg (Catfish bones).

The prevalence of 21°Pb relative to 2°Po in fish tissues reveals the
characteristic behaviour of natural radionuclides in freshwater systems,
where exposure pathways are controlled by sediment-water interactions
and dietary uptake (IAEA, 2010; UNSCEAR, 2016). The findings of this
study are in agreement with the reported literature values for freshwater
fish for 2!%Po, which ranged from 0.079 to 3.08 Bq/kg, and from 0.014
to 3 Bq/kg fresh weight for 21%Pb (Al-Masri et al., 2000; Strok and
Smodis, 2011b), though the activity concentration of 210ph in this
study is generally higher than those from the reported literature. The
210pg,/210pp activity ratios measured in fish tissues were consistently less
than a unit (ranging from 0.03 to 0.11), confirming the predominance of
219pb accumulation in fish over 2'°Po in the Mara River aquatic
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environment. The low ratios can be attributed to lower 2'°Po activity
concentrations in water compared to 210py, (Strok and Smodis, 2011a),
reflecting the strong particle-reactive behaviour of 21°Pb, thereby
enhancing its transfer to aquatic organisms through gill contact and
sediment-related feeding pathways (IAEA, 2010; UNSCEAR, 2016). The
findings of this study are consistent with those of Strok and Smodis
(2011a). In general, due to insufficient radioecological data for Afri-
can fish species, particularly for fish tissue in aquatic environments,
direct comparisons are not possible.

3.5. Total annual effective dose (AED) and excess life cancer risk (ELCR)
due to ingestion of 226Ra, 238(.], 235U, and %**U in water

The total annual effective ingestion doses (in mSv/year) estimated
for the selected critical groups of the population; infants (<1 year),
children (1, 5, 10 and 12-17 years), and adults (>17 years) based on the
obtained activity concentration of analysed radionuclides in water are
presented in Figs. 6 and 7 and Tables S5 and S6. Based on the given
results, the consumption of water from shallow wells exhibited the
largest total annual effective dose with large variability, particularly
among children, as shown in Fig. 6b and Table S5.

The AEDs for consumption of water from shallow wells ranged from
~10~* mSv/year to values that surpassed the ICRP-recommended
public dose of 1 mSv/y (at MR_3) and WHO drinking water screening
dose of 0.1 mSv/y at some locations, with a maximum dose of 1.17 mSv/
year observed for a 5-year-old child (ICRP, 2013; World Health
Organization, 2011, 2022). Consumption of water from boreholes re-
sults in AEDs with a typical range of ~10-3 mSv/y to ~ 1071 mSv/y
with maximum total AEDs of 0.127 mSv/y observed for teens (12-17
years) (Fig. 7d) at MR_8 (Table S 5).

Moderate total AED values were observed in adults (Fig. 6¢), with
shallow wells exceeding the WHO screening level of 0.1 mSv/y at
several sites. The observed total AEDs exceeding 1 mSv/y at several
locations is likely due to elevated activity concentrations of radionu-
clides in water and higher water ingestion rates in adults, which can
offset their lower dose conversion factors compared with children.

Consumption of water from surface water, on the other hand, would
result in intermediate AEDs with elevated values of 0.165 mSv/y over a
5-year period (Fig. 7b) at MR_43 on the Mara River (Table S6), indi-
cating localised radiological hotspots. The higher dose in children
clearly indicate that children are the most vulnerable group to radiation
hazard due to their intensive growth and development of different body
organs and bones.
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Sampling locations with higher total AEDs for all age groups also
indicated higher EC and TDS, confirming prolonged water-rock inter-
action and solute concentrations driven by evaporation. Generally,
specific wells have been identified as having significantly higher
radionuclide activity concentrations and could be problematic to use as
drinking water sources.

The contribution of each analysed radionuclide to the total annual
effective dose for each age group, shown in Fig. 8(a—c), indicates vari-
ability of radionuclides (226Ra, 238y, and 2**U) activity concentrations in
shallow wells, as well as variability in dose conversion factors among
them and among different age groups. Across all age groups, uranium
isotopes contribute most to the total AEDs at the sampling locations with
higher doses (MR_3, MR_18, MR_20, and MR _21), with the largest con-
tributions from 23*U followed by 28U, while 2*%Ra is a secondary but
locally important contributor to the wells with lower AEDs. The results
show that, for infants and children, 234 contributed more than 70% of
contribution to the total dose. Adults, on the other hand, show a similar
pattern to children. 2?%Ra as a secondary contributor in sites with higher
AEDs contributed to about 40-98% at sampling sites with lower AEDs,
supporting the need for radionuclide-specific and age-dependent risk
assessment in gold-mining impacted groundwater systems.

The radionuclides assessed in drinking water samples (>2°Ra,
and 23*U) are predominantly alpha emitters, which have high linear
energy transfer (LET), and can deposit large amount of energy over a
short distance in biological tissues, and therefore have a greater relative
biological effectiveness per unit absorbed dose than beta particles. In

238U,
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contrast, beta particles deposits energy less densely and travel farther
through biological tissues, resulting in their lower biological effective-
ness per unit absorbed dose than alpha particles. For radiological pro-
tection purpose, radiation factor of 20 and 1 are assigned to alpha and
beta particles. Nevertheless, the relative contribution of each radionu-
clide to the total annual effective dose is governed not only by its ra-
diation type but also by its activity concentration in water, its
corresponding ingestion dose coefficient, absorption and retention in the
body tissues (IAEA, 2014; ICRP, 2013).

The excess lifetime cancer risk (ELCR) associated with ingestion of
radionuclides in drinking water was estimated from annual effective
doses using age-specific intake rates and dose coefficients. The calcu-
lated ELCR values ranged from 3.09 x 107° to 1.59 x 1073, with a
median of 2.35 x 107>, The minimum and median ELCR values fall
within the range commonly reported for naturally occurring radionu-
clides in drinking water and are consistent with observations from other
regions worldwide, indicating a low radiological cancer risk to con-
sumers (ICRP, 2007a; P. Banzi, 2016b). The maximum ELCR value ex-
ceeds the commonly applied radiological risk screening range of 1076 —
10~* used in environmental assessment (ICRP, 2007a). This
upper-bound estimate reflects elevated radionuclide concentrations at a
limited number of sampling sites rather than typical regional exposure
conditions.

When comparing these results with cancer risk associated with
cigarette smoking despite different methodology, epidemiological
studies and mechanistic models indicate that ELCR for heavy smokers is



D.R. Seif et al.

a) Infants

—~

R

<

b}

#1007

-

2 80

-}

k-]

® 60

-

°

el

o 40 1

-

c

o 20

e

3

a2

£ 2 o B K i
& 7 / 7

8 S & & & I § § §

c) Adults

100+

80

60

401

20

Journal of Environmental Radioactivity 298 (2026) 108119

Radionuclide
I Ra-226
. v-238
. U-234

Fig. 8. Percentage contribution of 22°Ra, 238U, and 23*U in shallow wells for a) Infants, b) Children, and c) Adults during dry season.

typically on the order of 0.2 — 0.6 (Stabile et al., 2017). These values are
of several orders of magnitude greater than ELCR estimates for radio-
nuclide ingestion in the assessed drinking water.

(107% - 10™*). This comparison provides context for the magnitude
of radiological risk and demonstrates that the incremental cancer risk
from studied radionuclides from drinking-water ingestion in the study
area is relatively low, however there is a need for continued monitoring
of sites exhibiting higher radionuclides activity concentration level, as
well as to include other natural radionuclides, which might be present in
drinking water, such as 21°Pb, 21%Po, 230Th, 2%2Th and 2*®Ra, and were
out of scope of this study due to logistical limitations.

3.6. Age dependence of total annual effective dose (AED) and excess life
cancer risk (ELCR) due to ingestion of 226Ra, 2381y, 234y, 2190, and *pp

in fish

The total annual effective ingestion dose (AED) resulting from con-
sumption of Tilapia, Catfish, and African lungfish are presented in
Table 4 and illustrated in Fig. 9. Across all age groups, African lungfish
consistently produced the highest annual effective dose (AED), followed
by tilapia, with catfish contributing the lowest. AEDs for lungfish ranged
from 1.06 to 3.61 mSv y !, compared with 0.87-2.80 mSv y ! for Tilapia
and 0.78-2.71 mSv y ! for Catfish. The calculated AED exceeded the
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Table 4
Annual effective dose (mSv/y) due to consumption of radionuclides in fish based
on age groups.

Age group Annual effective ingestion dose of fish species (mSv/y)
Tilapia Catfish African Lungfish
Infant <1y 2.8 2.71 3.61
Child 1y. 231 2.17 291
Child 5y 1.40 1.28 1.73
Child 10y 1.19 1.04 1.42
Teen 12-17 y 2.35 1.99 2.73
Adult >17 y 0.87 0.78 1.06

recommended ICRP public dose reference level of 1 mSv y~! in several
age groups, particularly infants, children, and teenagers.

A pronounced age dependence was observed in the estimated
ingestion doses. Infants (<1 year) received the highest AEDs, ranging
from 2.71 mSv y " for catfish to 3.61 mSv y ! for African lungfish. One-
year-old children exhibited slightly lower AEDs (2.17-2.91 mSv y™1),
which declined further in 5-year-old children (1.28-1.73 mSv y ). The
lowest AEDs among paediatric groups were observed in 10-year-old
children (1.04-1.42 mSv y~!). AEDs then increased again in teenagers
(1.99-2.73 mSv y ) before decreasing to 0.78-1.06 mSv y* in adults.
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adults (ICRP, 2013).

ingestion dose coefficients and physiological sensitivity, with younger

age groups receiving higher doses per unit intake of radionuclide than
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radionuclide bioaccumulation behaviour. African lungfish, as benthic
species with frequent contact with bottom sediments, are more likely to
accumulate sediment-associated radionuclides, resulting in systemati-
cally higher ingestion doses and lifetime cancer risks than the other fish
species examined (Nteziyaremye and Omara, 2020). Tilapia exhibited
intermediate exposure levels, whereas Catfish showed comparatively
lower radionuclide uptake and associated radiological risk, consistent
with observations reported by Kazoka et al. (2023) and Temesgen et al.
(2022).

The estimated excess lifetime cancer risks (ELCRs) of 3.99 x 10’3,
3.65 x 1073, and 4.99 x 1072 for Tilapia, Catfish, and African lungfish,
respectively, exceeded the USEPA acceptable lifetime cancer risk range
of 107%-107* (U.s. EPA, 1989). These elevated risks are primarily
attributable to the cumulative effects of long-term consumption and the
dominant contribution of 21°Pb and 2!°Po to the total ingestion dose.
Although the estimated ELCRs remain substantially lower than the
lifetime cancer risks associated with heavy smoking, which have been
reported to range between 0.2 and 0.6 (Stabile et al., 2017), they indi-
cate a non-negligible radiological risk from chronic fish consumption.
Furthermore, the ELCRs associated with fish ingestion were consider-
ably higher than those estimated for drinking water consumption in the
same study area, highlighting fish consumption as the more important
ingestion pathway for long-term radionuclide exposure. These findings
underscore the need for continued radiological monitoring of aquatic
food resources in mining-impacted regions.

The contribution of individual radionuclides to total AED varied
across fish species but was consistently dominated by 21°Pb and 2'°Po
(Fig. 10). 21%Pb accounted for approximately 75% - 96% of the total
AED, whereas 2!°Po contributed between 4% and 25%, while the com-
bined contribution of 234U, 228U, and 2?°Ra was generally less than 1%.
The combined contribution of 2°Pb and 2'°Po exceeded 99% of the total
AED across all fish species and age groups, demonstrating that these
radionuclides are the dominant drivers of radiological exposure associ-
ated with fish consumption in the Goldmining region. In contrast, ura-
nium isotopes and ?2°Ra contributed negligibly to the total dose despite
their occurrence in fish tissues, indicating limited transfer to edible
tissues and lower radiological significance relative to 2'°Pb and 2'°Po.
Similar findings have been reported in studies investigating radionuclide
transfer in aquatic ecosystems, where dose contributions from uranium
isotopes and radium are generally overshadowed by the more efficient
bioaccumulation and radiological significance of 2!°Pb and 2°Po
(Anderson et al., 2014; Carvalho, 2011; Uddin et al., 2023)

Consistent with drinking water pathway (section 3.5), the biological
effectiveness of ionizing radiation varies with radiation type. In fish
tissues, 21° Po is an alpha emitter, whereas 2'° Pb is predominantly betta
emitter. Despite the higher relative biological effectiveness of alpha
radiation, 2!°Pb counted for 75-96% of the total AED in all fish species
examined. This apparent discrepancy underscore that the effective dose
contribution of any radionuclide is governed not by radiation type
alone, but by interplay between its measured activity concentration in
tissue, the specific energy per decay, and the radionuclide specific
ingestion dose coefficient (IAEA, 2014; ICRP, 2013).

The predominance of 21°Pb observed in the present study contrasts
with findings from many marine environments, where 21°Po is typically
reported as the principal contributor to ingestion dose owing to its high
radiotoxicity, efficient bioaccumulation, and strong trophic transfer in
aquatic food webs (Carvalho, 2011; Fowler, 2011; Uddin et al., 2017).
This difference likely reflects contrasting geochemical conditions be-
tween marine and freshwater ecosystems. In marine food webs, 21°Po is
known to undergo efficient biological uptake and trophic transfer, often
resulting in greater accumulation in fish tissues than its parent radio-
nuclide, 210Pb, by orders of magnitude (Carvalho, 2011; Strok and
Smodis, 2011a). In contrast, the tropical freshwater river system
investigated in the present study is characterised by strong catchment
influence, high sediment load, seasonal hydrological variability, and
mining-related disturbance, factors that may favour the transport,
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retention, and bioavailability of particle-reactive 21°Pb. The strong as-
sociation of 2'°Pb with suspended particles, organic matter, and bottom
sediments enhances its accumulation within freshwater food webs,
particularly in systems receiving substantial terrestrial and mining in-
puts (Anderson et al., 2014)

A recent global review by Johansen et al. (2025) further confirms
that naturally occurring radionuclides account for more than 99% of the
total seafood ingestion dose worldwide, with 2'°Po contributing
approximately 84% and 210ph about 8% in marine settings. While the
relative contribution of 21°Pb in the present study (75% - 96%) is sub-
stantially higher than this global marine average, it is consistent with
observations from other freshwater and mining-impacted environments,
where sediment-associated 2'°Pb dominates the radiological burden
(Anderson et al., 2014; Strok and Smodis, 2011a). This finding un-
derscores the importance of site-specific assessments, as the fractional
contribution of individual radionuclides can deviate markedly from
global averages depending on local geochemical conditions, catchment
characteristics, and the nature of anthropogenic disturbance.

4. Conclusion and recomendations

This study provides an integrated assessment of radiological expo-
sure from drinking water and freshwater fish consumption in a gold-
mining-impacted region of Northern Tanzania. The results revealed
pronounced source-, age-, species- and radionuclide-dependent vari-
ability in annual effective dose (AED) and excess lifetime cancer risk
(ELCR), highlighting distinct exposure pathways and risk profiles asso-
ciated with water and fish consumption.

Correlation analysis and PCA revealed that radionuclides distribu-
tion is largely governed by groundwater mineralisation and water-rock
interaction. The strong association between uranium isotopes, EC, and
TDS, particularly during the rainy season, suggests enhanced uranium
transport through recharge pathways and weathered rock zones. In
contrast, 22°Ra exhibited distinct geochemical behaviour indicating
different mobilization mechanisms. The greatest variability observed in
shallow wells compared with boreholes further highlights the sensitivity
of shallow groundwater systems to hydrochemical changes.

Among the investigated water sources, shallow wells presented the
greatest radiological concern, with AEDs exceeding WHO drinking
water screening level of 0.1 mSv/y at several locations for all age groups
However, across all age groups, children, particularly 5-year-olds,
received the highest drinking water-derived doses, with AED at some
sites approaching or exceeding the ICRP public dose reference level of 1
mSv/y, with uranium isotopes, especially 2*U, being the principal
contributors to drinking water-derived doses. The consistently elevated
234y/238y activity ratios (>1) indicate uranium-series disequilibrium,
attributed to alpha-recoil and radiation-induced lattice damage that
enhance preferential mobilisation of 224U in shallow aquifers. The esti-
mated ELCR associated with drinking water ranged from 3.09 x 107 to
1.59 x 10> with elevated risks confined to a limited number of shallow
wells locations characterised by higher radionuclide activity
concentrations.

Fish consumption was identified as the principal pathway of radio-
logical exposure, producing substantially higher doses and lifetime
cancer risks than drinking-water ingestion. African lungfish consistently
yielded the highest AEDs (1.06-3.61 mSv/y) and ELCR (4.99 x 10’3),
followed by tilapia (4.00 x 107%) and catfish (3.65 x 10_3). Although
infants received the highest annual doses owing to their greater radio-
logical sensitivity, the lifetime cancer risks associated with consumption
of all fish species exceeded the USEPA acceptable risk range (107°-
10~%, highlighting the need for continued radiological monitoring and
risk mitigation in mining-impacted communities. Dose contributions
were overwhelmingly dominated by 2!°Pb and 2'°Po while the com-
bined contribution of 225Ra, 238U, 25U, and 23*U was generally less than
1%, indicating that 2'°Pb and 2'°Po are the principal drivers of fish-
derived radiological exposure.
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Overall, while most drinking water sources posed relatively low
radiological risk, several shallow wells exhibited elevated radionuclide
concentrations and associated doses that warrant continued monitoring
and site-specific assessment before use as drinking water sources. The
elevated doses and cancer risks associated with fish consumption,
particularly African lungfish, demonstrate that aquatic food pathways
represent the dominant route of radionuclide exposure in the study area.
These findings provide an important baseline for environmental moni-
toring and support the implementation of age-specific risk assessments
and long-term surveillance programmes for radionuclides in both
drinking water and aquatic food resources.

Limitations and future perspectives. This study is limited by
temporal scope of sampling, assumptions used in the exposure assess-
ment, and the absence of detailed hydrochemical data such as major
ions, and alkalinity which would have improved interpretation of ra-
dionuclides behaviour. Geochemical speciation analyses were not per-
formed, and this constrain mechanistic interpretation of radionuclides
mobility and bioavailability. Future studies should therefore include
expanded seasonal sampling, major ion chemistry, geochemical speci-
ation modelling, and continued monitoring of the high-risk shallow
wells and fish species to better constrain exposure patterns and improve
radiological risk assessment in mining-impacted regions.
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