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ABSTRACT

Radioactive pollution is a persistent environmental problem. The spatial distribution of radioactive pol-
Iution is closely related to geographical environment, the distribution of population, and human activi-
ties. The aim of this review is to provide a comprehensive assessment of past research into the occur-
rence, spatial variability, environmental transport and potential implications of radioactive pollution for
human populations and their activities. We reviewed fifteen selected studies [10- 11, 12, 13, 14,15, 16, 17,
18, 19, 20, 21, 22, 23, 24] oq radioactive materials in soil, water, air, sediments and indoor environments,
with special focus on uranium-238 (238U), thorium-232 (232Th), radium-226 (226Ra), potassium-40 (
40 K) and radon-222 (222Rn). From the evidence reviewed it becomes apparent that environmental ra-
dioactivity is not evenly distributed in space but that it is controlled by the combined effect of geologi-
cal setting, soil characteristics, groundwater conditions, atmospheric transfer, land use, industrial activi-
ties, urban development and anthropogenic disturbance. Also, the results indicate that the relevance of
radioactive contamination is dependent not only on the concentrations of radionuclides but also on the
spatial distribution of populations and on the intensity and type of human activities. Residential areas,
schools, workplaces, agricultural land and industrial sites could thus be different exposure environ-
ments. Environmental processes such as erosion, transport of sediments, and movement of ground water
and atmospheric dust can disperse radionuclides from their original sources, and can contribute to
broader patterns of potential exposure. The relevance of radon exposure is particularly important as the
indoor concentrations may vary depending on geological conditions, building characteristics, ventila-
tion and location. Moreover, research in Iraq emphasizes the need for spatial assessment in areas related
to industrial activities, environmental contamination, and past conflicts. The review also notes increased
use of geographic information systems (GIS), spatial mapping, geostatistical analysis and integrated
population-exposure assessment to identify potentially vulnerable locations. Overall, the literature re-
viewed supports a shift from isolated radiation measurements to an integrated spatial framework that
links radioactive sources, environmental transport, geographic variability, population exposure, and hu-
man activities. This approach can help to improve environmental monitoring, protection against radia-
tion, sustainable land use planning and management of radioactive environmental risks.

Keywords: Radioactive Pollution, Spatial Variability, Population Distribution, Human Activities,
Environmental Radioactivity, RadionuclidesRadon-222, GIS, Spatial Analysis, Environmental Risk,
Radiation Protection, Land Use, Human Health, Iraq

1. Introduction

Radioactive pollution is an important environmental problem since radionuclides can be retained in soil, wa-
ter, air, sediments and biological systems and can expose human populations through different pathways.
Environmental radioactivity is mainly caused by naturally occurring radionuclides such as uranium-238
(238U), thorium-232 (232Th), radium-226 (226Ra), potassium-40 (40K) and radon-222 (222Rn). Their nat-
ural distribution is affected by anthropogenic activities such as mining, industrial operations, fossil-fuel uti-
lization, radioactive-waste management and military activities (UNSCEAR, 2024; UNSCEAR, 2000;
UNSCEAR, 1993; UNSCEAR, 2016; IAEA, 2013; IAEA, 2003) [1: 2 3.4, 5. 6] The gpatial distribution of ra-
dioactive materials is not uniform and is strongly influenced by geological characteristics, soil properties,
hydrological conditions, atmospheric transport, land use and human activities (UNSCEAR, 2000;
UNSCEAR, 1993; UNSCEAR, 2016; IAEA, 2013; IAEA, 2003) [2- 3 4. 5. 6] Therefore, radiation levels may
differ significantly from one geographical area to another, resulting in different exposure circumstances for
individuals living or working in these areas. And these may be different exposure environments depending
on the proximity of the residential communities, agricultural lands, industrial zones, schools and workplaces
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to the radioactive sources, as well as the pathways of radionuclides
transportation. Of particular concern is radon, which can accumulate
indoors and is an important source of radiation exposure to the gen-
eral population. The concentration depends on the geology, perme-
ability of soil, building characteristics, ventilation and geographical
conditions (WHO, 2009; WHO, 2023; UNSCEAR, 2006) [7- 8. 91,
Thus, when evaluating radioactive pollution it is important to take
into account not only the concentrations of radionuclides but also
their spatial distribution, population density, land use and human ac-
tivity patterns. The existing literature has studied various aspects of
radioactive pollution including radionuclide concentrations in soil and
water, environmental transport, indoor radon, occupational exposure

https://www.geojournal.net

and health risks from radiation (UNSCEAR, 2024; UNSCEAR, 2000;
UNSCEAR, 1993; UNSCEAR, 2016; TAEA, 2013; TAEA, 2003;
WHO, 2009; WHO, 2023; UNSCEAR, 2006) [1s 2, 3. 4,5, 6,7, 8, 9]
However, these results are frequently scattered over different geo-
graphical areas and environmental compartments. Hence, a compre-
hensive review that integrates radioactive pollution with the spatial
patterns of population distribution and human activities is needed.
Therefore, this review summarizes the previous studies of the sources,
spatial distribution, environmental transport, human exposure path-
ways and potential implications of radioactive pollution for popula-
tions and human activities, and highlights the major research gaps and
future directions.

/

\ ) ¥ . e ;
Human Exposure Pathways Potential Impacts Importance of Spatial Assessment |
|
2 i
~M- A ] w7 G g o®e o
"L YT H e ¥ wf & im
Inhalation Ingestion  Externalexposure  Food chain cH“hh risks E'*}ﬂi*l on ::ﬂ;fm o Need ‘0" ; Radiation GISand Population Support for
& e - eg.cancer,  agriculture nduseand  environmenta ‘ 4 i
(e.g, radon, dust)  (e. water, food) (rg;nsst\!l.f;nll;lldlng accumulation geuetic sfischy) | md foodsmfety: |l mectikment it mmibgiioent mapping spatial analysis a:f::ssr:::\t d&l;r::rl.nﬁ'::::g

9 Natural Sources @ Anthropogenic Sources ‘ q\;oi\m eatal paff)", @ Spatial Variation @ Population anc
| < w Human Activities
® Uranium, thorium, radium @ Mining and mineral processing o Air : @ Influenced mewﬁﬂﬂwﬂiﬁ! @ Residential areas
® Potassium-40 @ [ndustrial activities Fy @ Affected by hydrology and climate ® Agricultural activities
® Radon @ Fossil fuel combustion Atmospheric transport ® Modified by land use and human activities ‘ Tt o
® Geological formations ® Radioactive waste management F | ‘ \ @ Not uniform between regions @ Schools and workplaces
® Soil afl‘d "’Clks‘ g M?‘?'““"Rhf‘*‘“"m f @ Different exposure levels for populations @ Transportation networks
@ Cosmic radiation ® Military activities
I' @ Urban development
4 @ Occupational exposure

Radioactive Pollution

and Its Impact on the Spatial Variation of
Population and Human Activities

Figure 1. Conceptual Framework Illustrating the Sources, Environmental Pathways, Spatial Distribution, Population Exposure, and Human
Activities Associated with Radioactive Pollution

2. Literature Review

Radioactive pollution is a major environmental concern because natu-
ral and anthropogenic radionuclides can persist in environmental
compartments and be transported through air, soil, water, sediments
and biological systems. The spatial distribution of radioactive con-
taminants is rarely homogeneous as it is influenced by geological
characteristics, soil composition, hydrological conditions, atmo-
spheric transport, land use, industrial activities, mining, waste dis-
posal and other human interventions [10: 11, 12, 13, 14,15, 16, 17],
Hence, areas with intensive industrial, agricultural, urban or conflict-
related activities may display different levels of environmental ra-
dioactivity compared to less disturbed areas. The knowledge of these
spatial variations is essential in determining the potentially contami-
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nated areas and assessing the extent of radiation exposure of the pop-
ulations residing or working in the areas. The interrelation between
radioactive pollution and the spatial distribution of population and hu-
man activities has been attracting increasing attention in environmen-
tal and health-related studies. Radionuclides can enter the human
body through a variety of pathways, including living areas, work-
places, schools, agricultural lands, industrial facilities and water re-
sources. The extent of human exposure can be influenced by popula-
tion density and patterns of land use [18: 19, 20, 21, 22, 23, 24] preyious
studies have thus indicated the importance of combining radiation
measurements with geographical information, environmental charac-
teristics, population distribution and dominant human activities. Table
1. Comparative review of selected studies on radioactive pollution, ra-
dionuclide distribution and radiation exposure and their association
with the spatial distribution of populations and human activities.
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Table 1. Review of Previous Studies on Radioactive Pollution, Spatial Variation, Population and Human Activities

.No Authors / Year Study / Review Title Main Focus
1 Shanoon e al. (2018) [10] Spatial and Temporal Variability =~ Environmental radioactivity in ur-
of Environmental Radioactivity in ban areas
Basra and Baghdad Cities, Iraq
2 Madas er al. (2022) [11] Effects of Spatial Variation in Spatial variation of radiation dose
Dose Delivery: What Can We and health
Learn from Radon-Related Lung
Cancer Studies?
3 Patel (2023) (2] Occurrence of Uranium, Thorium U, Th and environmental
and Rare Earth Elements in the contamination
Environment: A Review [12]
4 Ahmed (2020) [13] A Review on Soil Radionuclide Spatial distribution of soil ra-
Distribution in Iraq Analysed dionuclides in Iraq
Using Gamma Ray Spectroscopy
5 Almayahi et al. (2020) [14] An Overview on the Radioactive elements in Iraqi soil
Concentration of Radioactive and water
Elements and Physiochemical
Analysis of Soil and Water in Iraq
6 Kulahci & Cicek (2019) [13] On the Determination of Radionuclide transport and
Transportation, Range and distribution
Distribution Characteristics of
Uranium-238, Thorium-232 and
Potassium-40: A Critical Review
7 Vengosh et al. (2022) [16] A Critical Review on the Radionuclides in groundwater
Occurrence and Distribution of
the Uranium- and Thorium-Decay
Nuclides and Their Effect on the
Quality of Groundwater
8 Kumar et al. (2023) [17] Advances in the Management of ~ Radioactive waste and environ-
Radioactive Wastes and mental contamination
Radionuclide Contamination in
Environmental Compartments: A
Review
9 Surdyk et al. (2021) [18] Weaponised Uranium and Uranium exposure and health in
Adverse Health Outcomes in Iraq: Iraq
A Systematic Review
10 Al-Hadithi et al. (2015) [19] Environmental Pollutions Conflict-related environmental
Associated to Conflicts in Iraq pollution
and Related Health Problems
11 Al-Awadhi et al. (2004) [20] Environmental and Health Depleted uranium and environ-
Consequences of Depleted mental exposure
Uranium Use in the 1991 Gulf
War
12 Su et al. (2022) [21] Indoor Exposure Levels of Radon Indoor radon exposure
in Dwellings, Schools, and
Offices in China from 2000 to
2020: A Systematic Review
13 Ringer et al. (2017) [22] Quantitative Health Risk Indoor radon and lung cancer
Assessment of Indoor Radon: A
Systematic Review
14 Su & Dai (2025) [23] Approaches to Estimating Indoor Spatial modelling of radon
Exposure to Radon—A exposure
Systematic Review
15 Mphaga et al. (2024) [24] Indoor Radon Exposure: A Systematic Review of Radon-Induced

Health Risks and Evidence Quality Using G
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.Classification of the 15 reviewed studies [10-24] according to their dominant research focus|

Main research themes of the reviewed studies
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o

Source: Classification based on the studies reviewed in Table 1

Figure 2. Distribution of Reviewed Studies According to Their Main Research Themes and Spatial-Human Exposure Focus

The 15 studies reviewed [10: 11. 12, 13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23,

24] clearly illustrate a research focus on the spatial distribution of ra-
dioactive contamination and its relationship to human exposure. The
studies reviewed were divided into those focusing on soil, groundwa-
ter and environmental radionuclide distribution, and those looking at
indoor radon, uranium exposure, conflict-related contamination and
radiation-related health risks. As a whole, the literature shows that
spatial variability is repeatedly associated with geological conditions,
environmental transport processes, land use, industrial activities, and
built environment characteristics. The evidence reviewed here further
indicates that population exposure is not only a function of radionu-
clide concentration but also of the interplay of contamination, loca-
tion of population, residential and occupational environments and in-
tensity of human activities [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23,241 Such a pattern shows that the spatial analysis can be a valuable
link between the environmental radioactive pollution and its potential
importance for the human populations.

3. Results and Discussion

The synthesis of the 15 studies reviewed in Table 1 110, 11, 12,13, 14,
15, 16,17, 18,19, 20, 21, 22, 23. 24] ghows that the radioactive pollution is
characterized by a significant spatial variability and this variability is
controlled by the interaction of natural environmental conditions and
human activities. The reviewed literature consistently indicates geo-
logical composition, soil properties, groundwater characteristics, at-
mospheric transport, land use and anthropogenic disturbance as major
controlling factors for the distribution of radionuclides. Therefore, ra-
dioactive contamination cannot be sufficiently considered as a homo-
geneous environmental phenomenon; its degree and importance de-
pend on the geographic location and the nature of the surrounding en-
vironment [10- 11, 12, 13,14, 15,16, 17] " Ay jmportant finding from the
reviewed studies was the spatial variability of naturally occurring ra-
dionuclides in soil, rocks, sediments and ground water, especially
those associated with uranium, thorium, radium and potassium.
Differences among places are associated with variations in geological
formations and environmental processes, and human activities can al-
ter the natural patterns [10- 13- 14. 15,16, 17] ‘g close on the map does
not mean equal radiation levels. Such variability emphasizes the need
for systematic spatial monitoring rather than isolated measurements at
sampling points. The studies reviewed also show that radioactive pol-
lution is closely related to human activities. Mining, mineral process-
ing, industrial activities, fossil fuel combustion, waste disposal, con-
struction and other activities can disturb and redistribute naturally oc-
curring radioactive materials in the environment. [12- 13- 17] Hence,
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industrial and highly developed areas may require special considera-
tion as intense human activity may result in additional potential for
release of radionuclides and a larger number of people exposed to
contaminated environmental media. Agricultural activities may also
affect the mobility of radionuclides by soil disturbance, irrigation and
transfer of contaminants to crops and food chains. Population expo-
sure is another important pattern that emerged from the literature re-
viewed. The possible consequences of radioactive contamination de-
pend not only on the concentration of radionuclides, but also on the
location and characteristics of the exposed population. Exposure con-
ditions may differ in residential communities, schools, offices, indus-
trial workplaces, agricultural areas and other human environments [18
19,20, 21,22, 23, 24] pegple living near contaminated sites may be ex-
posed for long periods of time. Workers may be exposed additionally
through direct contact with soil, dust, water or radioactive materials.
Therefore, the population distribution should be integrated with the
environmental radiation measurements for radiation risk assessment
in space. A particularly important example of the relation between ge-
ographic conditions and the exposure of populations is indoor radon.
The studies reviewed suggest that radon concentrations in buildings
can vary considerably due to the variation in the geological condi-

tions, permeability of the soil, building structure, ventilation and loca-
tion [11. 21,22, 23,24]
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[14.15. 16, 17] Thijs means that the geographical impact of a radioac-
tive source can be wider than the immediate vicinity of the contami-
nation. Radioactive particulates can be transported to agricultural
land, residential or other areas of potential human exposure by wind-
blown dust or water movement. Therefore, spatial assessment is nec-
essary to understand the movement and accumulation of radionu-
clides in environmental systems. The reviewed literature also shows
the modern spatial techniques as useful tools to explore those rela-
tionships. GIS and spatial interpolation, radiation mapping, geostatis-
tical methods and environmental modeling can be used to find areas
with higher radioactivity and proximity to population centers and hu-
man activities can be studied. (Madas er al., 2022; Kulahci et al.,
2019; Su et al., 2025) [11, 15, 23] Radiation measurements in combi-
nation with demographic and land-use information can give a more
realistic assessment of potential exposure than radiation measure-
ments alone. Such integration is especially helpful when identifying
priority areas for monitoring, environmental management and radia-
tion protection interventions. Although the reviewed studies show
promising progress, a significant research gap still exists. Previous
studies have been limited to a particular radionuclide, environmental
medium, geographic location, exposure pathway or health outcome.
There are few studies that have combined radioactive pollution, spa-
tial distribution of population, land use and human activities into an
analytical framework. This limitation reduces our ability to under-
stand how patterns of environmental radioactivity translate into dif-
ferences in population exposure and environmental risk across geo-
graphic space.The results of this review generally show that radioac-
tive pollution is a spatially dynamic environmental problem, which is
influenced by the interaction of radioactive sources, environmental
transfer, geographical features, population distribution, and human ac-
tivities [10> 11,12, 13, 14,115, 16, 17, 18, 19, 20, 21, 22, 23, 24] Evidence sug-
gests a move away from isolated radiation measurements toward inte-
grated spatial assessments that incorporate environmental radioactiv-
ity with demographic, geographic and land use information. Such an
approach may enhance the identification of potentially vulnerable
populations, improve environmental monitoring and provide a scien-
tific basis for sustainable land-use planning and effective radiation-
protection strategies.

4. Conclusions

Analysis of the literature on radioactive pollution shows that it is a
spatially variable phenomenon in the environment and depends on
natural and anthropogenic factors. Geological features, the properties
of soil and ground water, environmental transport, land use, industrial
activities and urban development all contribute to variations in the ge-
ographical distribution of radionuclides. The reviewed studies also in-
dicate that population exposure is closely related to the spatial rela-
tionship between radioactive sources and residential, agricultural, in-
dustrial and occupational environments. Exposure occurs mainly
through radon, contaminated soil and water, and uranium- and tho-
rium-bearing materials. The studies in Iraq also stress the need for
more attention to be paid to the spatial aspects of areas affected by in-
dustrial activities, environmental disturbance and historical conflicts
(10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] T, summarize, the
evidence base is an integrated approach of environmental radiation
measurements and GIS, population distribution, land-use information
and human activity patterns. Such integration might allow a better
identification of potentially vulnerable areas and be a stronger basis
for radiation protection, environmental management and sustainable
spatial planning.

3. Recommendations

1. Better spatial monitoring of radiation in residential, industrial, agri-
cultural and potentially contaminated areas to identify areas with in-
creased radioactive levels. 2. GIS and population data are used to lo-
cate areas of radioactive contamination that coincide with high popu-
lation density or high human activity. 3. Enhance indoor radon sur-

https://www.geojournal.net

veillance, particularly in homes, schools, workplaces and in areas
with geologic conditions conducive to radon accumulation. 4. Focus
on sites in Iraq where contamination is likely, and particularly on
those associated with industrial activity, mining, waste disposal and
past environmental damage due to conflict. 5. Establish long-term
monitoring programs to determine radionuclide concentrations over
time and to detect newly introduced contamination. 6. Raise public
and professional awareness of pathways of radiation exposures and
actions to reduce unnecessary exposures among environmental and
health professionals. 7. Encourage inter-disciplinary research for
broader assessments of radioactive pollution, integrating environmen-
tal radioactivity with geography, demography, GIS, epidemiology and
land-use planning.
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