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Abstract. In response to the documented rise in cancer cases in Al-Diwaniyah City, this study assesses the specific
activities of uranium-238 (***U), thorium-232 (***Th), and potassium- 40 (*°K) in commonly used decorative
building materials, and evaluates their associated radiological hazards. Twelve imported materials were selected
based on popularity and indoor usage, where prolonged human exposure is likely. Gamma spectrometry with
a 3" x 3"Nal(TI) detector was employed for activity measurements. The activity measurements ranged from
4.20 £ 0.49 to 34.81 %+ 1.45 Bq/kg for 2*3U,3.09 &+ 0.92 to 73.33 & 1.33 Bq/kg for ***Th, and 196.09 & 0.09 to
1787.79 + 3.66 Bq/kg for “°K, with “°K showing the highest levels. Calculated hazard indices included radium
equivalent activity Raeq (37.89 — 243.52 Bq/kg), absorbed dose rate DR (18.36 — 119.63nGy/h ), annual effective
dose equivalent AEDE (0.01—0.58mSv/y ), and activity utilization index AUI (0.18-1.06). While most indices were
within safety limits, excess lifetime cancer risk ELCR values (0431 x 1073 —2.03 x 1073) exceeded international
thresholds in some samples. A significant correlation was observed between 232Th and *°K. Although average
values complied with UNSCEAR recommendations, certain samples presented potential health risks, underscoring

the need for stricter monitoring and regulatory control of imported decorative materials used indoors.
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1 Introduction

The raw building materials naturally contain radioactive elements such as 233U, 232Th, and 'K
Baha et al. (2023), these natural radionuclides are present in all materials used in construction,
finishing, and decoration, like gypsum, tiles, granite, marble, etc. The natural radioactivity
varied depending on geographic and geological circumstances. It exists in the soil at various
levels in each area around the world [Salman et al. (2024). In general, most people spend their
time indoors, therefore, they will be exposed to larger doses of radiation, and these materials
may cause a large dose of gamma rays (ICRP, 2011). It is worth mentioning that the effect of
radiation on humans appears in the form of diseases or genetic changes depending upon the dose
received and the exposure interval (Ali et al., 2020).

Cancer incidence in Iraq has shown a significant upward trend, with new cases reaching
around 39,068 in 2022 (Ministry}, [2022)). In Al-Qadisiyah Governorate, 1,290 cases were reported
in 2022, including 537 males (41.6%) and 753 females (58.4%). The number of cases in this region
rose steadily over the past three years, from 1,101 in 2020 to 1,290 in 2022, with the incidence
rate rising from 81.01 to 90.2, according to the Iraqi Cancer Registry (Ministry, |2022)), so the
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estimation of the specific activity for radionuclides is important to know the levels of radiation for
decorative materials to assess the radiation hazards that may affect human health as well as the
necessity of establishing standards and guidelines on how these materials are used and managed,
secondly, the knowledge of radioactivity is necessary for companies and people who construct
buildings to take into account the necessary precautionary measures to prevent the effects of
radiation. Several studies have assessed natural radioactivity levels in building and decorative
materials across Iraq and other countries. In Iraq, Abdellah et al. reported that most studied
materials are safe, with average concentrations of 3?6Ra,?32 Th, and “°K being 35.26,26.99,
and 321.19 Bq/kg, respectively, while decorative materials showed higher risks (Abdellah et al.,
2018)). Jassim and Abojassim confirmed that decorative stones had the highest specific activities
of 238U ,232 Th, and “°K (Jassim et al., 2022)). In Erbil, Othman et al. observed wide variations,
particularly in granite samples (Othman et al.| 2023). Ali found that concentrations of 226Ra
reach 223.7 Bq/kg (Al 2012). Amana noted that ceramic tiles exceeded global averages for
238U and 232Th, while “°K remained within safe limits (Amanal, [2017). In Karbala, Omron and
Salim measured the highest values in imported granite and marble samples, though still below
UNSCEAR limits (Omron & Salim| 2020)). Dawal and Oudah assessed natural radioactivity
in bricks from Babylon, Iraq. The average concentrations were 18,41.7, and 352.4 Bq/kg. All
values were within permissible limits except for 232Th, which exceeded recommended levels in
some samples (Dawal & Oudah 2025).

Internationally, Al-Sewaidan found elevated activities in Saudi ceramic materials, especially
for K (up to 1269 Bq/kg) (Al-Sewaidan) [2019). In Egypt, Hassan et al. identified granite
as having extremely high radionuclide levels, reaching 78.75 kBq/kg for 22Ra (Hassan et al.,
2013). In Turkey, Turhan et al reported that clay bricks and granite had the highest radioac-
tivity among 15 material types Turhan et al. (2022). Joel et al. in Nigeria measured average
values of 61.1,70.2, and 514.7 Bq/kg for 226Ra, 232Th, and *°K in commercial tiles, respectively
(Joel et al.l 2018). Further studies have also highlighted radiological assessments in building
materials from other regions. Omogunloye et al. analyzed five categories of materials com-
monly used in Pietermaritzburg, South Africa, reporting that while °K remained within global
safety limits, both 238U and 232Th exceeded international averages (Omogunloye et al.| (2025)).
In Nigeria, Gambo et al. investigated 19 materials used in Katsina State. They found that,
although some materials such as gravel and clay exceeded the average values for 238U and 4°K,
all measured concentrations remained below the global upper limit, indicating no significant
radiological hazard in their use for construction (Gambo et al.l 2025).

Although cancer rates have increased in Al-Qadisiyah Governorate over the past decade
(Ministryl 2022)), this study does not attempt to directly link the elevated radionuclide levels
in decorative materials to the regional cancer incidence. Rather, our results underscore the im-
portance of evaluating radiological risks in indoor environments. Prior studies (e.g., (Wakeford,
2004; Zlobina et al., [2022)) have noted that long-term exposure to elevated natural gamma ra-
diation may contribute to increased cancer risk, which highlights the importance of regulatory
oversight and informed material selection in the construction sector, and environmental con-
cern that warrants further epidemiological investigation. Several investigations have identified
noticeable concentrations of radionuclides in construction materials. Still, no comprehensive
assessment has been conducted on the materials used in Al-Diwaniyah. This absence of data
represents a significant research gap that this study aims to address by investigate the activity
levels of 238U, 232Th, and 40K, predict the relationship between them in nature through appropri-
ate statistical methods, and assess potential radiation risks associated with decorative materials
collected from various local markets in Al-Diwaniyah city to provide specialists, researchers,
decision-makers, and others interested in the health sector with comprehensive information on
the levels of radioactivity and associated risks resulting from using finishing building materials
that are in direct contact with users.
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2 Materials and Methods

2.1 Sample Collection and Preparation

The samples were selected from local markets in Al-Diwaniyah city (center of Al-Qadisiyah
Governorate), based on their widespread use among consumers and their affordability, which
makes them accessible to a broader segment of the population. Through interviews conducted
with several local vendors of finishing and decorative materials, the study identified twelve
of the most commonly traded decorative building materials. These are listed in Table .
Sample processing took place in the Radiation Laboratory within the Physics Department at
the University of Kufa. All samples were ground using a specialized mill and converted into fine
powder, and subjected to thermal treatment at 110°C for approximately one hour to ensure the
removal of residual moisture. Subsequently, they were passed through a 300um mesh to achieve
uniformity, with the final mass reaching around 750 grams. The beakers were sealed with tape.
To achieve secular equilibrium for 23U, 232Th, and their progenies, all samples were stored in
polyethylene containers for four weeks (Omogunloye et al.l 2025, Aswood et al., 2019)).

Table 1: The samples of decorative materials used in this study.

Sample code Local name* Country
Do1 Floor tiles Iran
D02 Quartz stone China
D03 Natural granite China
Do4 Mica stone China
D05 Par Tavoosi marble Iran
D06 Unker Crane Stone Iran
Do7 Industrial granite Iran
D08 Cappuccino stone Iran
D09 Black granite Iran
D10 Ceramic wall tiles Turkey
D11 Porcelain Iran
D12 Trunky stone Iran

Note: The sample names are translated into English from the local name used by the local population.

2.2 Experimental Procedure

Gamma-ray measurements were performed using a Nal(TT) scintillation detector 3" x 3" crystal
coupled to a 4096-channel multi-channel analyser (MCA) via an analog-to-digital converter, with
an energy resolution (FWHM) of 7.9% at the 1.33 MeV peak of %°Co. Background radiation was
minimized using an ORTEC cylindrical shield (22 ¢cm diameter) comprising an inner stainless-
steel layer ( 20 cm thick) and an outer lead layer ( 5 cm thick). The detector was connected to
the computer, and the gamma spectrum was recorded via the MAESTRO-32 program.

Detector calibration was carried out for energy and efficiency using certified reference gamma
sources (137Cs,% Co, and ?2Na; activity ~ 1uCi) provided by IAEA. The sources were placed in 1
L Marinelli beakers to match the sample geometry and positioned at the same distance from the
detector as the measured samples. Energy efficiency calibration covered the range 500—2500keV,
yielding a calibration curve (R? = 0.999 ). The measured efficiencies for the certified sources
deviated by less than £5% from their reference values, confirming the accuracy of the calibration.
Quality control was ensured by periodic measurements of standard reference materials and by
analysing duplicate samples at regular intervals to verify measurement reproducibility (IAEA|
1989).

Specific activities of 2*®U and 23?Th were determined from the 1764.49keV~-line of 24Bi
(15.96% probability) and the 2614keV~y-line of 2°8TI (99% probability), respectively, while “°K
activity was obtained from the 1460 keV ~-line (11% probability) (Omogunloye et al. 2025;
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Aswood et al., [2019). Each sample was counted for 5h to achieve statistically reliable spectra.

3 Calculations

3.1 The specific activity

The specific activity C,, Bq/kg of gamma emissions was calculated by equation (Alhous et
al, [2020): .

where C,, Bq/kg specific activity, C the net area below peak per second and delete the context
from under this value, ¢ is efficiency, I, is the probability of radiation emission, LT counting
lifetime measured in (sec) and m the mass of sample (kg).

3.2 Radium Equivalent Activity

This parameter is used to assess the safety of materials and ensure that they do not pose a
significant radiation hazard, calculated using equation (Kadhim et al., 2020)):

Raeq = Cu + CrinCrp + Ck Ck, (2)

where: Raeq Radium Equivalent Activity, C,, Cpy and Ck the specific activity (Bq/kg ) of
23817232 Th, and “°K. CFTh and CFK are the conversion factor for 232Th and %°K, which equal
1.43 and 0.077 respectively (Dawal & Oudah, 2025).

3.3 Dose Rate (DR)

The exposure to the natural radionuclides has a direct connection identified as the (DR) deter-
mined by equation (UNSCEAR| [2000):

DR =CyDFy + Crp DFpp + Cy DF}, (3)

Where: DR Dose Rate (nGy/h), DFu, DFTh, and DFk are dose conversion factors for 233U,232 Th,
and YK, equal to 0.462,0.604, and 0.0417 respectively (Dawal & Oudahl, [2025)).

3.4 Annual Effective Dose Equivalent indoor

DR can be used to compute the AEDE;, 400 (mSv/y) from a formula known by UNSCEAR
(UNSCEAR, [2000).
AEDEi,q0or = DR? x No.h x F x O x 1075, (4)

where: AEDE indoor Annual Effective Dose Equivalent indoor, No.h number of hours an indi-
vidual is exposed to radiation throughout the year (8760 h/y ), F is the coefficient of conversion
acquired by mature individuals (0.7 Sv/Gy ), and O is the occupancy factor for indoor (0.8),
10~% multiplying factor for unit conversion from (nGy) to mSv (UNSCEAR, 2000).

3.5 Internal and External Hazard Indices

Internal and External hazards were determined using equation and @ (Darwishl 2015):

Cv O Ck
Hyo=—+—+—7<1 5
185 + 259 * 4810 (5)
Cv  Crn  Ck
Hex = o2+ o0 + o7n < 1,
370 + 259 + 4810 (6)
where: Hj, and Hey Internal and External hazards, the values 185, 259, 370, and 4810 (in
Bq/kg) are standard limits for 223U,232 Th, and °K to keep the hazard index < 1, corresponding

to 1mSv/y (UNSCEAR)], 2000).
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3.6 Cancer Risks Associated with the Use of Decorative Material
By using equation the ELCR;pd00r 18 determined through Eq. (Keser et al., [2011):

ELCRindoor = AEDEjqoor x DL x RF, (7)

where: ELC R indoor excess lifetime cancer risk, DL the average lifespan of a human, RF (Sv™1!)
coefficient of the risk. Average life span is estimated at 70 years; RF for random effects is used
as 0.05 Sv~! for the public based on ICRP (Keser et al., 2011)).

3.7 Activity Utilization Index

AUI is used to estimate the safety of using a particular building material. It is calculated using
the equation (Kumar et al., [2022)):

CcUu CTh CK
AUl = — —_-— —
U 50fU+ 20 frn + 500fk (8)
where: AUI Activity Utilization Index, fi7, frn, and fi are the respective fractional contributions
for three-element which equal (0.462), (0.604) and (0.042) respectively (UNSCEAR, [2008]).

4 Results and Discussion

The activity concentrations for 23U were measured to be between 4.20 + 0.49 and 34.81 +
1.45 Bq/kg, with an average of 13.09 + 0.83 Bq/kg, as shown in Table [2l Notably, sample D11
(Iran) exhibited the highest 223U activity among all samples. However, its value remains slightly
below the recommended safety limit set by (UNSCEARJ 2000). The findings align with those
mentioned by Ahmed et al., who pointed out that the concentrations of 233U in the analyzed
samples were generally below the international average (Ahmed, [2005). While the quartz sample
in this study Farhan et al. (2022) approached the threshold levels set for radiological safety by
UNSCEAR. Similarly, elevated levels were reported in some cases by the study [Jassim et al.
(2022), although the average is below the global limit. Similar outcomes were documented in
references (Omron & Salim| (2020) and |Ali et al. (2025), which also showed low 2*3U levels in
decorative materials, suggesting consistency across results. However, study [UNSCEAR (2000)
presented a different trend, as it recorded much higher levels of 238U, reaching 174 Bq/ke.

As for the 232 Th activity, values ranged between 3.09 4+ 0.92 and 73.33 + 1.33Bq/kg. The
average was 29.10 £+ 0.82 Bq/kg, as shown in Table Although most values were within the
acceptable safety margin set by UNSCEAR, certain samples-especially D03, D04 (China), and
D11, D06 (Iran)-recorded elevated values, which may suggest a geological source containing
thorium-rich minerals. These findings are consistent with those reported by Al-Zahrani in Saudi
Arabia, who documented 23?Th concentrations in granite samples ranging between 0.51 and
89.82 Bq/kg, with an average of 34.83 Bq/kg |Al-Zahrani| (2017)]. Similarly, Dawal and Oudah
recorded a mean value of 47.0 £+ 2.8 Bq/kg in brick samples from Babylon (Dawal & Oudah)
2025). Studies conducted in other regions of Iraq also reflect comparable results: Omron and
Salim reported an average of 24.97 Bq/kg (Omron & Salim| 2020), and Jafir et al. found a
mean of 30.30 Bq/kg (Jafir et al., 2024). In contrast, significantly higher values were reported
by Yang and Lin in China, with an average of 106.7 + 5.2 Bq/kg (Yang & Lin [2021)). Likewise,
Ahmed reported a mean of 64 + 34 Bq/kg in building materials from Egypt, with the highest
value (118 + 14Bq/kg) found in granite samples (Ahmed} 2005)).

On the lower end, several studies have documented much lower averages for 232Th, including
Taqi et al. in Kirkuk, Iraq (mean 11.84 Bq/kg) Taqi et al. (2018), Imani et al. in Iran (23 £
4 Bq/kg) (Imani et al.| [2021), and Amana et al. in Iraqi cement ( 15.97 Bq/kg) (Amana et al.|
2021). Othman and Hussein similarly recorded a moderate average of 22.95 + 2.86 Bq/kg in
Sulaymaniyah (Othman et al. |2023)), while Essa et al. reported one of the lowest averages at
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8.00 Bq/kg (Essa et all 2025). The mean 232Th activity observed in the current study aligns
with the global and regional averages, yet the presence of samples with elevated concentrations,
particularly those imported from China and Iran, underscores the need for monitoring and
regulatory control of such materials before their widespread use in enclosed indoor environments.

The activity concentrations of °K ranged from 196.09 & 3.66 to 1787.79 + 10.73 Bq/kg,
with an average of 703.37 + 6.26 Bq/kg (Table . This value represents the highest among the
three measured radionuclides, which is expected given the natural abundance of *°K in various
silicate-rich rocks. Several samples-particularly D06, D03, D04 (China), D11, and D12 (Iran), as
well as D10 (Turkey)-exceeded the global limit of 400 Bq/kg (UNSCEAR, 2000). Comparable
or even higher K concentrations have been reported in the literature. For example, Yang
and Lin measured average values of 1004.2 + 19.8 Bq/kg in building decoration materials from
China (Yang & Linl [2021)), and similarly elevated values were found in both marble and ceramic
tiles. Al-Zahrani reported “°K values ranging from 19.47 Bq/kg in Iranian white granite to
1632.37 Bq/kg in Saudi Arabian black-and-red granite, with an overall average of 665.08 Bq/kg
(Al-Zahrani, [2017)).

Further evidence comes from Pavlidou et al., who observed a wide range of 49 +4 to 1592 +
39 Bq/kg in granite, recording a high average 1104 Bq/kg (Pavlidou et al., |2006). Likewise,
Hassan et al. reported concentrations ranging from 32.60 + 4.25 to 2238.33 + 242.66 Bq/kg
in marble samples, and 1069.83 + 124.50 Bq/kg in ceramicsboth used extensively in interior
finishes (Hassan et all 2017)). Dawal and Oudah found activity levels ranging from 272.2 4+ 5.8
to 399.1 £ 7.1 Bq/kg in Iraqi brick materials (Dawal & Oudah, 2025). Imani et al. reported
a broader range of elevated levels in granite (7141085 Bq/kg) (Imani et al. [2021). Ahmed
recorded 1500 Bq/kg (in marble) (Ahmed| 2005), while Jassim and Abojassim reported a high
level of 838.2 + 8.8 Bq/kg in decorative alabaster (Jassim et al., [2022). Amana et al. found
lower values in locally produced Iraqi cement (Amana et al. |2021)), and Essa et al. observed
similar results in cement as well (Essa et al., 2025).

Overall, the average “°K activity in the current study is relatively high compared to several
regional and international reports, and in some cases, approaches or exceeds the upper bounds
observed elsewhere. This may be attributed to the mineralogical composition of the imported
materials—particularly feldspar- and mica-rich granites and highlights the need for regulatory
oversight of such products when intended for indoor application. While the average 2*2Th
activity aligns with global averages, the variability across samples-particularly those from China
and Iran-emphasizes the need for regulatory attention toward imported materials of geological
origin known for thorium enrichment.

Table 2: Specific activity ( Bq/kg ) for studied radionuclides.

Sample code 8y B2 Th K

Value | &= SE | Value | &= SE | Value + SE
DO1 17.62 | 1.06 3.09 0.92 223.07 4.02
D02 5.7 0.60 14.38 | 0.61 477.71 5.81
D03 4.2 0.49 73.33 | 1.33 1605.32 | 10.28
D04 14.74 | 0.92 61.25 | 1.21 1598.7 10.23
D05 12.15 | 0.83 7.57 0.42 219.72 3.76
D06 9.3 0.73 67.53 | 1.62 1787.79 | 10.73
Do7 14.12 | 0.92 6.07 0.39 196.09 3.66
D08 9.52 0.77 15.42 | 0.63 310.86 4.66
D09 11.43 | 0.85 8.46 0.47 311.37 4.70
D10 4.11 0.50 8.86 0.47 424.84 5.43
D11 34.81 | 1.45 43.42 | 1.03 756.43 7.16
D12 19.38 | 0.84 39.76 | 0.77 528.49 4.68
Min 4.2 0.49 3.09 0.92 196.09 3.66
Max 34.81 | 1.45 73.33 | 1.33 1787.79 | 10.73
Mean 13.09 | 0.83 29.10 | 0.82 703.37 6.26
Safe limit (UNSCEAR;2000) 35 30 400
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The standard deviations of the natural radionuclides indicate varying degrees of dispersion
among the samples. For example, the SD of 23U was 2.87 Bq/kg ( 21.9% of the mean), reflecting
moderate variability. The observed standard deviation for 23U reflects moderate dispersion
across the analyzed samples. Such variability is expected and considered acceptable in natural
materials due to inherent geological heterogeneity and differences in mineral composition. This
interpretation is consistent with literature stating that standard deviations between 10% and
30% are typical and acceptable in radiological studies of natural building materials (Dos et
al., 2021)), reported coefficients of variation ranging from 33% to over 50% for Raeq in ceramic
raw materials, attributing the variability to differences in extraction sites, clay quality, and
geological heterogeneity of the source materials. Therefore, the moderate dispersion observed
in 238U activity is within expected limits for such materials. 23?2 Th showed lower variability
(2.84 Bq/kg; 9.8% of the mean), while °K had a very low SD (21.68 Bq/kg; 3.1% of the mean),
suggesting a relatively homogeneous distribution. These differences may be attributed to the
diverse lithological and mineralogical origins of the materials analyzed, particularly for imported
decorative stones and ceramics.

Notably, the samples with activities exceeding UNSCEAR safety limits (e.g., D03, D04, D06,
D11) also correspond to the highest variability values, indicating that elevated activity levels
tend to be associated with greater dispersion among replicates and across the dataset.

Table [3| summarizes a comparative overview of the means of the studied radionuclide levels
from selected studies conducted inside and outside Iraq, alongside the present study. While the
detailed discussion of these references was presented earlier, Table 3| quantitatively demonstrates
that the average 238U value is significantly below most previous reports, indicating a reduction of
approximately 71% from the average. Similarly, the mean 232Th activity also showed a moderate
decrease (about 26%) compared to earlier findings. In contrast, the *’K mean value in the present
study was notably higher by nearly 38% than the regional average, highlighting its dominant
contribution among the measured radionuclides. These results support the earlier interpretation
that the variation in radionuclide activity levels across studies is strongly influenced by the
geological origin, mineral content, and industrial processing of the decorative materials.

Table 3: The present study versus other studies.

Position Mean specific activity (Bq/kg) | Ref
23 U 232 Th 40K

Iraq 25.19 | 10.97 313.22 (Jassim et al., |2022)

Iraq 91.90 | 50.4 482.37 (Najam et al., [2023)

Iraq /Karbala 23.92 | 24.97 | 207.99 (Omron & Saliml [2020) |
Turkey 15.85 | 33.76 | 359 (Pavlidou et all, 2006) |
Iran 72 76 1193 (Asgharizadeh et al.) 2012T
Iraq / Al Diwaniyah | 13.09 | 29.10 | 703.37 P.S ]

5 Statistical analyses

5.1 R-squared (coefficient of determination)

The values of R? between (238 U,232Th) and (?*® U, 4°K) are 0.0035, 0.0141 respectively, indicates
the model that explains the relationship does not perfectly explain the variance in the data and
has no predictive value, but the R? value 0.9019 between 232Th and °K indicates that the model
explains a large amount of the variance in the data and perfectly predicts values in the target

field ( 90% of the variation in the output variables are explained by the input variables). Figures
(1H3) and Table 4] below show the R-squared values between the studied elements.
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Figure 2: R-squared values for 238U and K.
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Figure 3: R-squared values for 232Th and “°K.

Table 4: R-squared for studied radionuclide.

238U 232Th 4OK
28y |1 0.0035 | 0.0141
2327Th | 0.0035 | 1 0.9019
0K 0.0141 | 0.9019 | 1
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5.2 P-value

The probabilities ( P-value) for studied radionuclide are listed in Table[5] The results are signif-
icant at a probability (P-value) less than 0.05 amongst 233U,232 Th, and “°K. The relationship
between 233U and 232Th is statistically insignificant also 23%U and “°K, but the relationship
between 232Th and K is statistically significant, which means that the relationship between
232Th and “°K does not obey chance in this case, also helps us to predict the pollution caused
by 232Th by measuring “°K specific activity and vice versa.

Table 5: P-values for studied radionuclide.

238U 232Th 40K
238U |0 0.855483 0.71319
232Th | 0.855483 | 0 2.33 x 10796
0K 0.71319 [ 2.33 x 1079 | 0

5.3 Pearson Correlation

Pearson statistics were used to assess the correlation degree between 238U,?32 Th and %°K, to
find out whether the change in one measurement or all measurements is related to the change in
measurements in the corresponding group, as illustrated in Table[6] Although there are positive
and negative correlations, the relationships between 238U with “°K are weak (Weak negative
linear relationship). Also, the relationship between 233U and ?3?Th is weak despite a positive
correlation (positive linear relationship is weak). The relationship between 232Th and “°K has a
significant positive correlation as expected at 0.94 it gives a measure of 94% of the probability
of one variable increasing when the other variable increases (strong direct correlation).

Table 6: Correlation coefficient for 238U, 232Th, and 4°K.

238U 232 Th 4OK
238U 1
232Th | 0.058997 | 1
K -0.11875 | 0.949673 | 1

The observed strong positive correlation between 2*2Th and “°K(r = 0.94) likely reflects
their shared geochemical behavior and frequent co-occurrence in felsic igneous rocks such as
granite and syenite. Both 232Th and “°K are incompatible trace elements, meaning they are
preferentially concentrated in the residual melt during magmatic differentiation instead of being
incorporated into early-crystallizing minerals. This promotes their enrichment in accessory
minerals such as K-feldspar, muscovite, biotite, and monazite-especially in evolved granitic
rocks (Albarédel, 2003; |Curtis, |1956; Fall et al., 2020).

At the same time, 232Th has been observed to correlate well with 4°K in potassiumrich felsic
rocks, where minerals like K-feldspar dominate the assemblage. These correlations arise from
the geochemical affinity of 2*2Th and “°K to residual silicate melts, especially during late stages
of crystallization (Abdel-Hakeem et al., [2023; [Fall et al., 2020).

This geochemical pattern is further supported by studies of two-mica granites, which are
rich in muscovite and biotite. These rocks frequently show elevated levels of both ?32Th and
40K, in line with the mineralogical hosts: potassium-bearing minerals (Kfeldspar, muscovite,
biotite) and Th-hosting accessory phases (monazite, zircon). Such findings are consistent with
the mineralogical and lithological nature of the raw materials in the studied samples, indicating
that the correlation between 2*>Th and “°K is not coincidental, but rather geochemically driven
(Gaafar et al., 2014; [Fall et al., [2020)).
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5.4 Multivariate Statistical Analysis

To further explore the underlying patterns among the studied samples and classify them based
on their radiological profiles, a Principal Component Analysis (PCA) was performed using the
specific activities of 238U,232 Th, and “°K. The PCA results revealed that PC1 accounted for
65.05% of the total variance, while PC2 explained an additional 33.82%, making the cumulative
explained variance 98.87%. This indicates that the vast majority of variation in radionuclide
concentrations can be effectively captured by these two components.

The biplot of PCA (Figure 4 showed clear differentiation among the samples. Samples such
as D03, D04, and D06 clustered towards the right along PC1, suggesting high contributions from
40K and 23°Th. Conversely, samples like D01, D05, and D07 are positioned to the left, indicating
relatively lower radionuclide levels. The samples D11 and D12 appeared in the upper region of
the plot, suggesting influence from PC2, likely driven by a distinctive pattern of 238U and 23?Th
concentrations. These findings suggest the existence of distinct radiological signatures, possibly
due to varying geological sources or material origins, consistent with findings reported in similar
multivariate studies on building materials (e.g., (Imani et al., 2021))).

Overall, PCA proved to be a valuable tool for visualizing groupings among samples and
provided strong statistical support for interpreting potential sources and patterns in radionuclide
distribution, beyond what univariate analysis could offer.
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Figure 4: PCA of Radioactive Elements.

6 Radiological Hazards

Table [7| presents the (Racq) values range and average 37.89 — 243.52 Bq/kg, 108.85 Bq/kg re-
spectively, well below the safety value 370 Bq/kg (UNSCEAR, 2008). Similarly, the absorbed
dose rate (DR) spans from 18.36 to 119.63nGy/h, with a mean of 52.1nGy/h. While most
samples fall within the safe boundary of 550Gy /h suggested by UNSCEAR (UNSCEARY, [2000)),
some, such as D03, D04, and D06, exceed this threshold, indicating a potential for increased
indoor radiation exposure.

The (AEDE indo0r) varies from 0.01 to 0.58mSv /y, with an average of 0.25mSv/y as in Tabel
Though the average is below the safety limit of 0.5mSv /y for the general public (ICRP, 1993),
individual samples-particularly D03, D04, and D06-again exceed this value slightly, emphasizing
the need for caution when these materials are used in enclosed spaces with high occupancy.

Hazard indices (Hj, and Hey) for all samples remain below the recommended limit of 1
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(European Commission, 1999), with maximum values of 0.68 and 0.65 , respectively. This
indicates that none of the studied materials poses an immediate hazard from the standpoint of
internal or external exposure based solely on these indices.

However, the ELCRjpgo0or values ranged from 0.31 x 1073 to 2.03 x 1073, with an average
of 0.90 x 1073, These average approaches the upper threshold of 1 x 1072 recommended by
international guidelines (UNSCEAR) [2000), and individual samples such as D03, D04, and
D06 exceed this value. According to UNSCEAR and ICRP, such elevated ELCR values may
correspond to a non-negligible increase in the probability of cancer development over a lifetime,
particularly under long-term indoor exposure.

Furthermore, the AUI, which evaluates the material’s suitability for bulk use in construction,
ranged from 0.18 to 1.06 . While the majority of samples fall below the critical limit of 1
(UNSCEAR, |2008), three samples (D03, D04, D06) exceed this benchmark, suggesting restricted
usage should be considered for these materials, especially in living spaces with limited ventilation.

These results are broadly consistent with previous Iraqi studies reporting safe levels for
most building materials. For example, Essa et al. found Raeq of 40.45 Bq/kg and DR of
18.67nGy/h in cement samples (Essa et al., 2025), and Jassim and Abojassim reported Raeq
of 65.0 + 5.8 Bq/kg, DR of 31.3 + 2.8nGy/h, and ELCR of 0.537 x 1073~ close to the present
study’s average (Jassim et al.| 2022). Similarly, Amana et al. measured AEDE of 0.220mSv/y
and ELCR of 0.771 x 10~3 in cement, slightly lower than our results (Amana et al.| 2021).

Conversely, other works documented much higher hazard parameters. Ahmed reported DR
values up to 200.9 + 14nGy/h and Hin of 1.7 (Ahmed| |2005), while Pavlidou et al. recorded
DR up to 364.8nGy/h and AEDE up to 1.5mSv/y in European granite (Pavlidou et al., [2006]) -
well above the maxima in this study (DR = 119.63nGy/h, AEDE = 0.58mSv/y ). Nonetheless,
our highest values (e.g., Raeq ~ 243.52 Bq/kg, DR > 119.63nGy/h, ELCR > 1.8 x 1073 in D03,
D04, D06) are comparable to those reported by Al-Zahrani in imported granite [Al-Zahrani
(2017)] and overlap with the upper ranges documented by (Imani et al., [2021]).

Table 7: Ra.,, DR, AEDE indoor, H;y,, Hey, ELCR jndoor, and AUI for samples collected from
Iraqi markets.

Samples Raeq DR AEDE Hin Hex ELCR =107 AUI
D01 39.21 19.30 0.01 0.15 0.11 0.32 0.21
D02 63.04 31.23 0.15 0.18 0.17 0.53 0.26
D03 232.67 113.17 0.55 0.63 0.62 1.92 1.06
Do4 225.42 110.47 0.53 0.64 0.60 1.87 1.01
D05 39.89 19.34 0.01 0.14 0.10 0.33 0.22
D06 243.52 119.63 0.58 0.68 0.65 2.03 1.05
Do7 37.89 18.36 0.09 0.14 0.10 0.31 0.22
D08 55.50 26.67 0.12 0.17 0.14 0.45 0.30
D09 47.50 23.37 0.11 0.16 0.12 0.39 0.23
D10 49.49 24.96 0.12 0.14 0.13 0.42 0.18
D11 155.14 73.85 0.35 0.51 0.41 1.25 0.90
D12 116.93 55.00 0.26 0.36 0.31 0.93 0.70
Min 37.89 18.36 0.01 0.14 0.10 0.31 0.18
Max 243.52 119.63 0.58 0.68 0.65 2.03 1.06
Mean 108.85 52.1 0.25 0.32 0.29 0.90 0.53

Safe limit 370 55 0.5 <1 <1 1.16 1

UNSCEAR/|(2008) |[UNSCEAR/(2000) | ICRP|(1993) | |European Commission|(1999) ||European Commission|(1999) | [UNSCEAR|(2000) | [UNSCEAR/|(2008)

Overall, while the averages in this study fall within international safety guidelines, the pres-
ence of a few samples exceeding AEDE and ELCR thresholds suggests that certain decorative
materials—especially those imported from specific countries-may pose a higher radiological risk
and should be monitored accordingly.

7 Conclusion

The results showed that sample D11 exhibited a specific activity for 2*®U higher than the
UNSCEAR-recommended limit. Additionally, several samples recorded specific activities of
22Th and “°K that exceeded those limits. For instance, the highest 232Th and 4°K values
were found in samples associated with granites, suggesting that materials sourced from certain
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countries or quarries carry a higher radiological load. These variations underscore the need for
targeted screening of high-risk imports rather than relying on average values alone. The elevated
40K and 23?Th levels are likely attributable to the mineralogical composition and geochemical
origin of the raw materials used, such as potassium- and thorium-rich rocks (e.g., granite or syen-
ite). The statistical analysis indicated no significant correlation between 233U and 232Th or 233U
and K. However, a strong positive correlation was observed between 2*2Th and “°K(r = 0.94),
which is consistent with their geochemical behavior as incompatible elements that concentrate
in the residual melt during magmatic differentiation and co-occur in accessory minerals such
as K-feldspar, muscovite, biotite, and monazite. Also, PCA analysis showed clear grouping of
samples according to their radionuclide levels, indicating differences in geological origin.

These findings suggest that the origin of the raw materials plays a major role in the enrich-
ment of natural radionuclides. Some natural rock types, especially two-mica granites, inherently
contain high concentrations of *>Th and 4°K due to prolonged geological accumulation. While
the average radiological parameters across all samples remain below international safety thresh-
olds set by UNSCEAR, a subset of the decorative materials-primarily imported granites and
ceramics-exhibited radiological characteristics that could pose a health risk, especially in high-
occupancy indoor settings. Therefore, the study highlights a crucial need for implementing
national standards and radiological screening protocols for imported building and decorative
materials, especially those with granitic origin.
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