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Abstract: Prolonged indoor exposure to radiation presents a public health concern,
primarily due to building materials containing significant concentrations of natural
radionuclides. This study was initiated in response to a documented case of elevated
indoor gamma radiation in the Liwale District. The research aims to assess natural
radioactivity levels in building materials sourced from this district, which is characterized
by Hypoluvic Arenosols and Profondic/Arenic Luvisols derived from continental
Neogene sandstone deposits, and to evaluate their potential radiological hazards. The
radionuclide levels in 25 samples comprising sand, clay, and gravel were analyzed using a
gamma-ray spectrometer coupled with a high-purity germanium (HPGe) detector. The
average activity concentrations of **Ra, **Th, and *K were 40.8+2.5 Bq kg, 114.9+4.1
Bqkg', and 311.9+14.5 Bq kg, respectively; Whilst “’K levels were typical, the values for
*Ra and **Th exceeded the UNSCEAR world averages. Moreover, average values for
radiological hazard indices were: Ra,, 229.119.6 Bq kg'; H.., 0.6; I, 0.8, and Ej 0.5 mSv
y'. Notably, the average values of all indices were within their internationally
recommended limits, indicating a low overall radiological risk. Nevertheless, 20% of the
samples (5 out of 25) exceeded the safety thresholds for Rae, H.., and I, whilst 16% (4
out of 25) surpassed the limit for Ej This signifies potential lithogenic hazards associated
with the use of these building materials. Therefore, this study strongly recommends
implementing stringent regulatory screening and control measures for local building
materials sourced from these specific geological formations.

Keywords: natural radionuclides, indoor radiation hazards, building materials.
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Evaluation des Radionucléides
Terrestres et du Risque Radiologique
dans les Matériaux de Construction
Indigénes : Une Etude de Cas du
District de Liwale, Tanzanie

Résumé: [’exposition prolongée aux rayonnements ionisants en milieu intérieur
constitue un enjeu majeur de santé publique, principalement en raison de la présence de
radionucléides naturels dans les matériaux de construction. Cette étude a été entreprise a
la suite de la documentation de niveaux élevés de rayonnement gamma dans le district de
Liwale. L’objectif est d’évaluer la radioactivité naturelle et les risques radiologiques
associés aux matériaux de construction issus de cette région, caractérisée par des
Arénosols hypoluviques et des Luvisols profondiques/aréniques dérivés de dépots de gres
néogenes continentaux. Vingt-cing échantillons de sable, d'argile et de gravier ont été
analysés par spectrométrie gamma a I'aide d’un détecteur au germanium de haute pureté
(HPGe). Les concentrations d'activité moyennes mesurées pour le **Ra, le **Th et le *K
étaient respectivement de 40.8+2.5 Bq kg™, 114.9+4.1 Bq kg™ et 311.9+14.5 Bq kg™. Bien
que les niveaux de *K soient conformes aux normes, les concentrations de *Ra et de
*?Th dépassent les moyennes mondiales de 'UNSCEAR. L'évaluation des indices de
tisque radiologique indique des valeurs moyennes (Ra., 229.1+9.6 Bq kg''; H.., 0.6; I, 0.8,
et Ej; 0.5 mSv an™) situées en deca des limites internationales recommandées, suggérant
un risque globalement faible. Toutefois, une analyse individuelle révele que 20 % des
¢chantillons (5 sur 25) excedent les seuils de sécurité pour Ra., H.., et I, tandis que 16 %
(4 sur 25) dépassent la limite de dose efficace annuelle (Ejp). Ces résultats mettent en
¢vidence des risques lithogéniques potentiels liés a l'utilisation de ces matériaux de
construction. En conséquence, cette étude préconise la mise en ceuvre rigoureuse de
mesures réglementaires de controle et de dépistage des matériaux de construction issus
de ces formations géologiques spécifiques.

Mots-clés: radionucléides naturels, risques radiologiques intérieurs, matériaux de
construction.
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1. INTRODUCTION

All living organisms are consistently exposed to both natural and anthropogenic
sources of ionizing radiation. On a global scale, approximately 8% of this exposure originates
from cosmic radiation, while the remaining 82% is attributed to the decay of naturally
occurring radioactive materials (NORM) in Earth's crust [1-3]. The most common NORM
include radionuclides from the decay seties of uranium-238 (**U) and thotium-232 (**Th),
as well as potassium-40 (*'K) [4]. The concentrations of these radionuclides vary significantly
with local geological formations and geochemical properties |3,5]; for instance, igheous rocks
such as granite typically exhibit higher NORM concentrations than sedimentary materials
such as clay or limestone [6]. While NORM is naturally present in the environment,
anthropogenic activities, including mining, mineral processing, and the use of phosphate
tertilizers, can further elevate these concentrations, thereby increasing radiological risk to

both the environment and human health [7,8].

Building materials, frequently sourced from natural geological formations, naturally
contain varying levels of NORM. Since modern populations spend approximately 80% of
their time indoors, ionizing radiation emitted by these materials (integrated into walls, floors,
and ceilings) is the primary source of both external and internal radiation exposure in
dwellings [2,3,9-11]. External exposure is predominantly caused by direct gamma radiation,
whereas internal exposure arises from the inhalation of radon (***Rn) and thoron (*'Rn) gases
byproducts of the #*U and #?Th series, respectively, and their short-lived progeny [5.9].
Epidemiological evidence suggests that prolonged exposure to such indoor radiation is linked
to an increased risk of cancer and cardiovascular diseases [10,12-16]. Specifically, the long-
term inhalation of radon gas is a well-documented cause of damage to bronchial epithelial

cells, leading to lung cancer [17-20]. Consequently, the systematic characterization of NORM
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in building materials is essential for managing public health risks and establishing baselines

for monitoring changes in environmental radioactivity [2,3,7].

Despite the importance of such monitoring, localized data remains scarce in many
developing regions. In 2023, internal technical assessments conducted by the Tanzania
Atomic Energy Commission (TAEC) identified anomalously high indoor gamma radiation
levels in several residential buildings in the Liwale District of the Lindi Region, southern
Tanzania [21]. Preliminary inspections suggested that these emissions originated from the
NORM content of building walls; however, these assessments were restricted to a small
number of suspected sites. To date, a comprehensive radiological characterization of the soil
and building materials across the Liwale District has not been documented in the peer-

reviewed literature.

To address this knowledge gap, the present study assesses the activity concentrations
of #Ra, #*Th, and “K in building materials sourced from vatious mine sites and local
markets within the Liwale District. These materials are primarily derived from the region’s
Hypoluvic Arenosols and Luvisols, which originate from continental Neogene sandstone
deposits. Using p-type coaxial high-purity germanium (HPGe) gamma-ray spectrometry, this
research evaluates radiological risks using internationally recognized indices, including
radium equivalent activity (Ra.q), external radiation hazard index (H..), activity concentration
index (I), and Annual effective dose (Ej) [23-31]. These findings are critical for benchmarking
local radioactivity against international safety standards and establishing the inaugural

radiological baseline for building materials in this region.
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2. MATERIALS AND METHODS

2.1. Study Area

The study was conducted in the Liwale District of the Lindi Region in Southern
Tanzania (Figure 1). Geographically, the district is bounded by latitudes 8°17°30.12” S to
10°12°5.648” S, and longitudes 38°4°42.599” E to 37°24°25.03” E. As the largest
administrative district in the Lindi Region, Liwale encompasses approximately 34,314 km?

and supports a population of 107,711 residents [32].

From a pedological and geological perspective, the district is characterized by
extensive tracks of deep, sandy soil profiles. These soils originate from continental Neogene
sandstone deposits and are scientifically classified as predominantly Hypoluvic Arenosols, as
well as Profondic and Arenic Luvisols [22]. While the local economy is predominantly driven
by agriculture, specifically the production of cashew and cassava, the district’s infrastructure
relies heavily on lithogenic materials sourced from local quarries and primary extraction
points. These sites were specifically targeted for sampling because they are the principal
suppliers of construction aggregates and raw materials in the region. To ensure a focused
assessment of indoor radiological risks, this research prioritizes the lithogenic pathway of
radiation exposure, specifically characterizing construction materials rather than investigating

the agricultural environment or dietary exposure.
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Figure 1: Geographical distribution of sampling sites for clay, sand, and gravel in the Liwale District,
Tanzania (n=25)
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2.2. Sampling and Sample Preparation

A total of 25 samples, including sand, clay, and gravel, were collected using a simple
random sampling technique from licensed mines and mineral suppliers across the Liwale
District. These materials are representative of the region’s characteristic soil formations,
specifically the Hypoluvic Arenosols and Luvisols derived from sandstone deposits [22],
which are the primary sources for local building aggregates. To obtain each sample,
approximately 1.5 kg of material was excavated from a depth of 10-30 cm using a
decontaminated shovel. The samples were immediately transferred into coded, airtight
polythene bags to prevent cross-contamination and transported in waterproof containers to

the TAEC laboratory for analysis.

In the laboratory, the samples were processed in a controlled environment where

tforeign organic matter (such as roots and pebbles) was manually removed. Each sample was

OPEN aACCESS
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thoroughly homogenized to ensure a representative composite before being cataloged and
weighed. The samples were then dried in an oven at 105 °C for approximately 24 hours, or
until a constant weight was achieved, to ensure the complete removal of moisture and volatile
organic matter [2,6,23,25,33]. Once cooled to room temperature, the dried materials were

pulverized and sieved through a 1 mm mesh to achieve a uniform particle size.

For the radiological measurements, approximately 400 - 420 g of the sieved powder
was transferred into clean cylindrical canisters. The dimensions of these canisters were
selected to match the geometry of the certified reference materials (CRMs) used for system
calibration. The canisters were hermetically sealed using a mechanical sealer and further
wrapped in polythene tape to prevent the escape of radiogenic gases, particularly radon. The
sealed units were then stored for a minimum of 30 days to allow radioactive secular

equilibrium between *Ra and its short-lived progeny to be attained [2,5-7,34].
2.3. Radiometric Characterization and Instrumentation

The activity concentrations of **Ra, #?Th, and *K were determined using a p-type
coaxial high-purity germanium (HPGe) gamma ray spectrometer. The detector featured a
relative counting efficiency of 20% and an energy resolution of 1.8 keV (FWHM) at the 1332
keV gamma ray emission of “’Co. To maximize detection efficiency for low-level NORM

activities, each sample canister was positioned directly onto the detector endcap.

The entire assembly was housed vertically within a cylindrical shield of high-purity
lead 10 cm thick. To minimize backscattering etfects and suppress characteristic lead X-rays
(fluorescence) that could interfere with the low-energy region of the spectrum, the interior
of the shield was lined with a graded layer of high-purity copper. This high-atomic-number
shielding was employed to attenuate ambient background radiation and minimize
interference from cosmic rays, thereby ensuring the high sensitivity required to assess
radiological health risks effectively |7, 27, 34-36|. This analytical technique is consistent with
established international protocols for monitoring radioactivity in environmental and

construction materials [33].
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2.4. Measurement Procedures and Activity Quantification

Prior to sample analysis, the ambient gamma background was established by
measuring an empty, sealed canister under identical experimental conditions for the same
duration as the samples. Following this, each building material sample was counted for
approximately 12 hours (43,200 seconds) to ensure sufficient net counts for statistically
significant photopeak analysis. Spectral acquisition and data processing were performed

using Gamma Vision (2017) software.

Since the samples had attained secular equilibrium, the activity concentrations of “Ra
were determined from gamma-ray photopeak energies of 609.2 keV (*'*Bi) and 351.9 keV
(*"*Pb). The #*Th concentrations were obtained by measuring the **Ac photopeak at 338.4
and 968.9 keV, and the ?"*Pb photopeak at 238.6 keV. The concentration of *K was
determined directly using its 1461.7 keV photopeak [36]. The activity concentrations were
calculated by comparing the results with IAEA reference materials using the comparison

method defined in Equation 1, as documented in established literature [7,36,37].

MTe
A =—Lx T x A (1)

Where A, is the concentration of radionuclide in the collected sample (Bq kg'), M, is the
weight of the standard sample (kg), M is the weight of the collected sample (kg), N is the
net count of the photopeak area of the collected sample, N,y is the net count of the
photopeak area of the standard sample, and A, is the concentration of radionuclide of the
standard sample (Bq kg™).

2.5. Radiological Hazards Indices

To assess the radiological risks associated with external gamma radiation emitted by

radionuclides present in building materials, four radiological hazard indices were calculated.
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2.5.1. Radium equivalent activity (Ra.,)

The radium equivalent activity, Ra.,, is a widely used criterion for accounting for
gamma-ray emission from **Ra, **Th, and *K, based on the assumption that 370 Bq kg of
*2Ra, 259 Bq kg! of #?Th, and 4,810 Bq kg! of “’K produce the same gamma dose rate. The
assumption considers that the distribution of these radionuclides in the soil is not uniform.
Notably, the assumption uses **Ra instead of the uranium radionuclide (**U) because **Ra
is produced by the decay series of *U and accounts for 98.5% of the radiological effects of
that series |[7,17]. The activity concentration values of Ra, for the studied samples were

calculated using Equation 2, as reported in the literature [3,5,7,16,25,33,30].

ARa n Ath n Ag )
370Bq kg™t  259Bqkg!  4810Bqkg!

Or, Ragq = Apazzs + 1.43Aqy + 0.077Ag (2)

Ra,, = 370 Bqkg™! <

Whete AR, is the activity concentration of ?*Ra in Bq kg, Aqy, is the activity concentration
of #?Th in Bq kg, Ak is the activity concentration of *K in Bq kg™

According to the literature, the Ra, value should be less than 370 Bq kg for building
materials to be considered safe, as this ensures the average annual effective dose remains
within the acceptable limit (1 mSv y?) [12]. Although ICRP Publication 144 has recently
updated external dose conversion factors, this criterion remains widely used to compare

results with previous global studies [38].
2.5.2. External radiation hazard index (H.)

The external radiation hazard index, H.., is a criterion used to assess indoor gamma
dose rates resulting from external exposure to gamma radiation emitted by natural
radionuclides in building materials. This index is crucial for evaluating the long-term safety
of structures, as it ensures that radiation exposure remains within acceptable limits. The index
is a dimensionless quantity derived from the expression of radium equivalent activity through

the assumption that its maximum accepted value corresponds to the upper limit of Ra, of
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370 Bq kg! [3,7]. The H.. value must be less than unity to keep radiation hazards insignificant
by keeping the average annual effective dose within the acceptable limit of <1 mSv y™ [12,39].

The index is calculated using the criterion specified in Equation 3 [7,29,40].

g = ARa 4 Aty 4 Ag
¢*  370Bqkg~!  259Bqkg! 4810Bqkg!
_ _ Rleq
Or, Hey = 370 Bq kg~1 ©)

Wherte Ra,, is the radium equivalent activity in Bq kg

2.5.3. Activity concentration index (/)

The activity concentration index (I) provides a standardized framework for identifying
building materials subject to regulatory oversight by monitoring the activity concentrations
of #Ra, #?Th, and *K [I13]. Dertived from the FEuropean Council Directive
2013/59/Euratom, this index is based on a conservative model in which the annual external
gamma radiation dose contributed by building materials does not exceed the public limit of
1 mSv y™'. For the safe use of bulk materials, such as aggregates, sand, and clay, the index
value should be <1 [23,38]. The activity concentration index is calculated according to the
formula presented in Equation 4:

— ARa ATh Ag (4)
300 Bqkg=! = 200Bqkg=! = 3000Bqkg~?

Where; Ara, Ath, and Ak are the activity concentrations of radionuclides *°Ra, #*Th and

K, respectively, expressed in Bq kg™,
2.5.4. Annual effective dose (Ep)

The Annual effective dose (Ejp) serves as another fundamental screening tool for the
radiological assessment of construction materials containing radionuclides of natural origin.
Used for regulatory purposes worldwide, the Eyprovides a risk-adjusted measure of the total

body dose relative to the stochastic risks of cancer and hereditary effects, expressed in terms

OPEN aﬂtﬁEESS
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of health detriment [38]. To quantify this exposure within the indoor environment, the Ejyis
derived from the absorbed dose rate by incorporating an indoor occupancy factor and a
conversion coefficient that translates the absorbed dose in air into the effective dose in

human tissue. Consequently, the Ey (mSv y ') is computed using the following formula:
Efe(mSvy ') =DxTx0pxC,x107° (5)

Where: (D) is the absorbed dose rate in nGy h™', (1) is the total hours in a year (8,760 h y 1),
(Oy is the indoor occupancy factor, which equals to 0.8 (or 80%), (C) is the conversion
coefficient from absorbed dose in air to effective dose in the human body for adults, which
is equal to 0.7 SvGy™, and 10° is the factor to convert nGy to Gy and Sv to mSv as required

by the units.

The absorbed dose rate (D) utilized in Equation 4 is determined by correlating the
activity concentrations of the **U and **Th seties, and *K in building materials with the

resulting dose rate in air [12]. Relationship is expressed as:
D(nGy h_l) = DCRaxARa + DCTthTh + DCKXAK <5)

Where, and Ara, Ath and Ak are the activity concentrations (Bq kg') of ?*Ra, #*Th, and *K,

respectively. The terms DCr,, DCr, and DCxk denote the specific dose-rate conversion
factors for #*Ra, #*Th, and 'K, with values of 0.462, 0.604, and 0.0417 nGy h™' per Bq kg™,
respectively [12].

Finally, the calculated value of Ej is then compared against the internationally

recommended safety limit of 1 mSv y™! for public exposure [13].

OPEN aﬂtﬁEESS
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3. RESULTS AND DISCUSSIONS

3.1. Activity Concentration of Radionuclides

The activity concentrations of 2Ra, »?Th, and *°K in building materials from Liwale
District are detailed in Table 1, which presents the minimum, maximum, and average values,
along with their respective standard deviations (SD). The average activity concentrations of
the radionuclides varied significantly across sample types. For *Ra, concentrations ranged
from a minimum of (4.4+1.1 Bq kg") in sand to a maximum of (119.1£3.6 Bq kg™) in gravel.
A similar trend was observed for #?Th, with the lowest concentration found in sand
(12.6£7.6 Bq kg!) and the highest in gravel (446.7+8.5 Bq kg™'). In contrast, *°K displayed
a different trend: its concentrations were lowest in gravel (12.3 + 9.2 Bq kg') and reached a
maximum of 851.9 £ 24.2 Bq kg' in clay. As shown in Table 1, the average activity
concentrations of *Ra, *?Th, and *K in the studied building materials were
40.812.5 Bq kg', 114.9+4.1 Bgkg!, and 311.9+14.5 Bq kg, respectively. The average
activity concentrations of ?*Ra and #?Th in this study demonstrably exceed global average
benchmarks of 32 Bq kg' for *Ra and 45 Bq kg' for #?Th. This deviation suggests a
potential localized enrichment or distinct geological influences contributing to the elevated
levels of these radionuclides. Conversely, the average “’K activity concentration aligns with
the global average of 420 Bq kg [12]. Further research is necessary to elucidate the precise
mechanisms driving the observed disparities, which may include geological composition, soil

genesis, and anthropogenic influences.

To contextualize the findings, the average activity concentrations of **Ra, #*Th, and
YK from the current study were compared with data from local regions and international
studies, as summarized in Table 2. These values indicate the specific regions within the
countries mentioned where samples were collected. The comparison results generally reveal
that the radioactivity concentrations of building materials worldwide vary from one country

to another but are mostly within the global average [12]. A regional comparison reveals that
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the radionuclide concentrations of building materials in the current study are significantly
higher than those reported in the Kinondoni District |7]. Furthermore, when benchmarked
against regional studies from uranium-deposit ateas, the activity concentration of #*Th was
notably higher than levels reported in the Manyoni and Namtumbo Districts [26,32]. While
existing literature frequently correlates elevated radionuclide levels with anthropogenic
activities, as observed in Nigerian oil extraction zones [35] and Namibian uranium mining
towns [41], this correlation is not supported by the current study. Instead, given the absence
of industrial activities known to increase soil radioactivity in the Liwale district, the observed

radionuclide concentrations in building materials are likely geogenic in origin.

Table 1: Activity concentrations and radiological indices of building materials originating from Liwale

District
S I E Activity Concentrations Radiological Hazards Indices
i;nppe e % 26R 22T O Rae, " ; Eff
& Bq kg Bq kg Bq kg Bq kg . mSv y !

S1 66.314.1 66.91£2.7 173.7£12.7 175.4£9.5 0.5 0.6 0.4

S2 56.312.5 229.8+3.7 328.6x13 410.218.2 1.1 1.4 0.9

S3 111.6x4.7 435.017.4 675.1123.6 785.6£15.9 2.1 2.8 1.7

S4 46.312.7 127.4+4.5 4772118 265.319.8 0.7 1.0 0.6

S5 44111 18.41+4.2 13.2+1.7 31.8%£5.9 0.1 0.1 0.1

Sand S6 26.912.3 64.6£3.8 81.81£12.7 125.6£8.1 0.3 0.4 0.3
S7 98.1+4.0 341.4£7.9 759.6126.9 644.7£15.7 1.7 2.3 1.4

S8 72.81£3.0 237.516.2 528.1£20.1 4531112 1.2 1.6 1.0

S9 23.6%1.6 45.0£1.31.3  409.0£13.9 110.214.6 0.3 0.4 0.3

S10 20.0+2.0 48.613.1 265.0113.6 97.7+7.1 0.3 0.4 0.2

S11 9.5%6.6 12.6%7.6 115.9£7.9 35.1+17.7 0.1 0.1 0.1

Max. 111.6£3.6 435+8.5 759+24.2 785.6£15.9 2.1 2.8 1.4

Min. 44+11 12.6£7.6 13.219.2 31.8+5.9 0.1 0.1 0.1
Average on Sand 48.713.1 147.914.8  347.9114.9 287110.4 0.8 1.0 0.6

OPEN aﬂtﬁEESS
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- Activity Concentrations Radiological Hazards Indices

Sample L& 26R 4 2527} %S Ra, E Fr
ope c% 1 1 1 1 Hoo 1 mSvy !

%) Bq kg Bq kg Bq kg Bq kg

C12 18.5+0.9 43.1%£1.3 14.91+0.5 81.312.8 1.3 03 0.2

C13 28.1%£2.5 79.514.1 65.1t12.4 146.819.4 24 05 0.3

Cl14 46.312.0 48.5%3.0 96.6£8.8 123.1£7 0.8 04 0.3

Clay C15 11.5+1.7 18.1x1.1  138.0%£11.5 4814.2 01 02 0.1

C16 11.4%+1.3 17.91+8.8 46.7£8.7 40x14.6 0.4 0.1 0.1

C17 13.9+1.1 23.0£1.4 149.6£7.2 58.31£3.7 2 0.2 0.1

C18 17.212.0 257114  851.9124.2 119.6£5.8 1.4 0.5 0.3

Max. 46.313.6 79.5£8.5 851.9%24.2 146.8%£15.6 0.4 05 0.3

Min. 11.4x1.1 17.9%7.6 14.919.2 40.5%£5.9 0.1 0.1 0.1

Average on Clay 21%1.6 36.5%+3 194.7+10.5 88.216.8 0.2 0.3 0.2

G19 37.411.4 68.811.6 12.319.2 136.814.4 0.3 05 0.3

G20 26.9%2.3 22.3%1.2 81.8112.7 65.1t5 0.2 02 0.1

G21 38.812.4 124749  253.0£14 236.6+£10.4 0.5 0.8 0.5

Gravels G22 33.512.2 100.914.7 360.1%£19.6 205.6+£10.5 0.5 0.7 0.4

G23 47.2%3.0 133.3+4.6  464.8119.9 273.6x11.1 0.6 1.0 0.6

G24 33.412.5 93.314.1  775.2124.1 226.5+10.2 0.5 0.8 0.5

G25 119.1£3.6 446.71£8.5 661.2+24.7 808.9+17.7 1.8 29 1.7

Max 119.1£3.6 446.71£8.5 775.2124.2 808.9+15.6 1.8 29 1.7

Min. 26.9%1.1 22.3%7.6 12.319.2 65.1+5.9 02 02 0.1

Average on 48%2.5  141.4%4.2 372.6%17.9 279+9.9 0.6 1.0 0.6

Gravels

Max. 119.1£3.6 446.718.5 851.9124.2 808.9+17.7 22 29 1.7

Total Min. 44111 12.6x7.6 12.319.2 31.8%£5.9 0.1 041 0.1

Avg. 40.812.5 114.9+4.1 311.9114.5 229.119.6 0.6 0.8 0.5
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Table 2: The average activity concentrations of **Ra, **Th, and “K in Bq kg of building materials from
different locations around the world

Location and Country Sample type 226Ra 22Th WK Reference
Liwale District, Tanzania. Sand, clay & gravel 40.80 11490  311.90  Current study
Semnan province, Iran. Sand and gravel 240 2.00 362 (2]
West Bank, Palestine. Soil - 19.50 113.30 [6]
Kinondoni District, Tanzania. Clay 10.30 17.60 251.18 [7]
Manyoni District, Tanzania. Soil 227.43 65.22 107.32 [25]
Guangyao Village, South China. Soil 26.84 8.87 453.81 [20]
Himachal Pradesh, India. Soil 57.34 82.22 135.75 [28]
Kota Tinggi town, Malaysia. Soil 16.84 20.06 38.53 [29]
Namtumbo District, Tanzania. Soil 36.27 33.80 555.87 [31]
Dhaka City, Bangladesh. White sand 49.40 71.60 927.20 [33]
Oyo State Capital, Nigeria. Soil - 10.95 89.36 [35]
Abidjan District, Céte d'Ivoire. Gravel 5.98 4.17 177.18 [37]
Erongo region, Namibia. Soil 81.24 72.1 682 [41]
East coast of Tamil Nadu, India. Soil - 14.29 360.23 [42]
South Nile Delta, Egypt. Soil 11.26 4.89 141.61 [43]
Maanshan — South Bay, Taiwan. Soil 18.6 26.5 344.4 [44]
Istanbul region, Turkey. Clay 39.3 49.6 569.5 [45]
Aden governorate, Yemen. Soil 59.39 71.32 697 [46]
Qassim, Saudi Arabia. Gravel 14.7 242 195 [47]
Nairobi City, Kenya. Sand - 290 831 [48]
Gumuz Region, Ethiopia. Soil - 45 420 [49]
Worldwide Average. Soil 32 45 420 [12]

3.2. Assessment of the Radiological Hazards

To evaluate the potential radiological hazards associated with building materials from
Liwale District, this study calculated four radiation hazard indices. These indices are the
radium equivalent activity (Ra,), the external radiation hazard index (H.), the activity
concentration index (I), and the annual effective dose (Ep. The Ra, values for various
material types are summarized in Figure 2, whilst Figure 3 provides a comparative analysis

of the H., I, and Eyindices across the different material types.
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Figure 2: Average radium equivalent activity (Ra.,) across different building materials sources from the
Liwale District. The red line represents the internationally recommended safety limit of 370 Bq kg
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Figure 3: Comparative distribution of the average external hazard index (Hex), activity concentration
index (1), and annual effective dose (Ef) by material type. The red line indicates the safety threshold of 1.0
(applicable to all three indices)
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A. Radium equivalent activity (Ra.,)

As llustrated in Table 1(column 6) and visualized in Figure 2, the analysis of radium
equivalent activity (Ra,) revealed substantial variation among the samples, with an average
value of 229.1 £ 9.6 Bq kg Figure 2 highlights that whilst the average values for all three
material categories remain below the internationally recommended safety limit of
370 Bq kg [12], a notable dispatrity exists between the materials. Specifically, sand and gravel
exhibited higher average Ra, values compared to clay. A detailed examination of individual
data points reveals a significant radiological concern: 5 of the 25 samples (20%) exceeded this
critical threshold, with 1 sample reaching a concentration of 808.9 & 17.7 Bq kg™. This finding
is of particular importance, as the non-compliant samples were identified as sand (n = 4) and
gravel (n = 1). Given that these are primary constituents in concrete and other common
construction applications, their unregulated use could lead to elevated indoor gamma radiation
levels, thereby increasing the external radiation dose to occupants. Consequently, while the
materials may be considered generally safe on average, the presence of these high activity levels
underscores the need for systematic radiological screening of raw materials to mitigate

potential health risks and ensure compliance with public safety standards.
B. External radiation hazard index (H.,)

The H.. values for the studied samples ranged from 0.1 to 2.2, with an average of 0.6.
As illustrated in the comparative plot (Figure 3), the H.. average values of sand, clay and
gravel remain well within the recommended safety criterion of 1, as stipulated by UNSCEAR
[12]; this suggests a generally acceptable level of background radiation from these materials
when assessed on an aggregate basis. Despite the reassuring average value, a critical finding
of this study is the non-compliance of a notable subset of samples. Specifically, 5 of the 25
samples (20%) exhibited H.. values exceeding the permissible limit. These elevated H.. values
were identified exclusively in sand and gravel samples. This result suggests that a substantial
portion of the sand and gravel sources in the district may contribute to indoor gamma dose

rates that surpass safety standards, thereby posing a tangible radiological health risk.
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C. Activity concentration index (J)

The calculated activity concentration index (I) values for the building materials
sampled from the Liwale District are detailed in Table 1 (Column 8). The values ranged from
0.1 to 2.9, with an overall average of 0.8. Whilst the average index remains below the
internationally recognized safety threshold of I =1, suggesting a generally low radiological
risk from indoor gamma exposure 23], this aggregate figure requires nuanced interpretation.
Notably, Figure 3 illustrates that the average [ values for sand and gravel are approaching the

upper permissible limit.

A granular analysis of the dataset reveals critical exceptions to the average; specifically,
5 out of 25 samples (20%) exceeded the I =1 criterion. This subset comprised four sand
samples and one gravel sample. Such outliers underscore a significant localized variation that
is obscured by the overall average. These elevated values indicate that certain mineral-based
materials from the Liwale Districts may lead to indoor external gamma radiation doses
exceeding the public limit of 1 mSvy™'. In accordance with IAEA Safety Standard No. SSG-
32, building materials with an index exceeding unity (I >1) necessitate rigorous assessment
prior to utilization [39]. Consequently, there is a clear imperative for national authorities to
establish a formal framework to monitor the radiological suitability of building materials

sourced from this region.
D. Annual Effective Dose (E%)

The calculated values of annual effective dose (Ej across the building materials
samples from Liwale District are presented in column 9 of Table 1. The comparative
distribution of Ejyacross the material types is shown in Figure 3, with results ranging from
0.1 to 1.7 mSv y!, and an overall average of 0.5 mSv y!. While this average remains below
the international recommended public exposure limit of 1 mSv y, a sample-specific analysis

reveals notable variations.
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Specifically, 3 samples comprising 2 sand samples and 1 gravel sample exceeded the 1
mSv y' safety threshold, representing 12% of the total subset. The occurrence of these
elevated values suggests that specific building materials sourced from this region may
contribute to an incremental radiological risk for the local population. Consequently, these
findings highlight the necessity for targeted regulatory monitoring and the implementation
of guidelines to ensure that exposure from natural radioactivity in construction materials is

kept as low as reasonably achievable.

4. CONCLUSIONS

This study established that building materials sourced from the Liwale District possess
a distinct radiological signature, characterized by elevated levels of *Ra and **Th that
exceeded global averages, whilst K remains within normal limits. The research confirms
that these radioactivity levels are primarily lithogenic in origin, directly linked to the region’s
specific geological composition, predominantly Hypoluvic Arenosols and Luvisols derived

from Neogene sandstone deposits.

The assessment of radiological hazard indices indicates that, while the district-wide
average poses a low risk to public health, significant sample-specific outliers suggest that
certain local materials exceed international safety thresholds. These findings demonstrate that
the use of specific lithogenic aggregates in construction could increase indoor gamma
radiation exposure. Consequently, this research underscores the importance of implementing
systematic radiological screening and quality-control protocols for building-material sources

from these geological formations.

Ultimately, this study provides a critical baseline for the radiological mapping of
Southern Tanzania. The data serve as a foundation for future investigations into radon

exhalation rates and radionuclide transfer into the local food chain, supporting the
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development of long-term environmental monitoring and public health protection

strategies in the region.
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