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This study analyzed the concentrations of toxic (Cr, Co, Cu, etc.) and radiotoxic (U, Th) heavy metals (HMs) in 40
commercial cereal samples consumed in Tiirkiye by using an energy dispersive X-ray fluorescence spectrometer.
Health risks caused by ingestion of cereal samples were assessed using the hazard index (HI), annual effective
dose (Eggp), and the excess lifetime cancer risk (LCR) models. The average concentrations (mg/kg dry weight) of
HMs analyzed in the samples were 2.7 (Cr), 6.4 (Co), 7.9 (Cu), 49.8 (Fe), 49.4 (Mn), 7.6 (Ni), 40.4 (Zn), 1.0 (U),
and 1.4 (Th). Wheat and maize showed HI > 1, indicating potential concern for consumers. The total annual

effective dose exceeded global averages primarily due to Th in cereal samples. Findings highlight the need for
monitoring and consumer guidance.

1. Introduction

Cereal grains (wheat, corn, rice, barley, rye, oats, etc.) are an
important source of nutrition because they provide essential nutrients
for the human body. Wheat is particularly important due to its suit-
ability for bread-making. Tiirkiye is a suitable country for growing a
variety of grain crops due to its diverse climate and soil conditions. The
most commonly grown grains in Tiirkiye are wheat, barley, corn, rye,
oats, and rice. Food safety, which means the presence or absence of
harmful pollutants in food at acceptable levels for the health of con-
sumers, is one of the crucial issues for consumers, producers, and gov-
ernments (Amarloei et al., 2025). Toxic heavy metal (HM) pollution has
become a major global environmental issue due to its permanence,
irreversibility, invisibility, and non-degradability (Luo et al., 2024). The
pollution of HMs can originate from lithogenic processes (volcanic ac-
tivity, soil erosion, etc.) and anthropogenic activities such as mining,
metal-containing chemicals used in agriculture (artificial fertilizers,
pesticides, and herbicides), etc. (Ali et al., 2019; Briffa et al., 2020). The
greatest risk posed by toxic HMs to human health is related to exposure
to hazardous metals found in staple foods such as cereal grains and le-
gumes (Adam et al., 2022). Toxic HMs can enter the human body
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through various routes such as ingestion, inhalation, and dermal con-
tact. Plant-based foods contain terrestrial radionuclides in naturally
occurring uranium (238U) and thorium (*32Th) radioactive series, and
potassium radioisotope (**K) (UNSCEAR, 2000). 238U and 2*’Th are
both radiotoxic HMs and chemotoxic to humans due to the effects of
ionizing radiation caused by their radioactive decay and chemical
toxicity from absorption into the body (Turhan, 2020).

Analysis and regular monitoring of toxic and radiotoxic HMs and
other contaminants in foods is vital to ensure and maintain food safety.
To date, numerous studies have been conducted to determine the levels
of toxic or radiotoxic HMs in cereal grains grown in different countries
(Hosseini et al., 2006; Jibiri et al., 2007; Lindahl et al., 2011; Tawalbeh
et al., 2011; Ali and Al-Qahtani, 2012; Lenka et al., 2013; Baz and
Alamoudi, 2017; Ercilla-Montserrat et al., 2018; Salih, 2018; Obasi
et al., 2022; Hasan et al., 2022; Vasilachi et al., 2023; Madomguia et al.,
2024; Wang et al., 2024; Amarloei et al., 2025; Bedoya-Perales et al.,
2025; Kumar et al., 2025; Rafaqat et al., 2025; Oudh et al., 2025). Ac-
cording to our literature review, very few studies were conducted on the
analysis of toxic and/or radiotoxic HMs in cereal grain products grown
in Tiirkiye and on the assessment of health risks arising from HMs, and
these studies are generally related to wheat (Tekin et al., 2018; Sultan
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Table 1
Information on commercial cereal grains consumed in Tiirkiye.

Sample code Cereal type Location of production Consumption (kg/y) *

CER1-1 Wheat Izmir 178.6
CER1-2 Kastamonu (ihsangazi)
CER1-3 Samsun (Carsamba)

CER1-4 Kastamonu (Ilgaz)

CER1-5 Kastamonu

CER1-6 Gaziantep

CER1-7 Sakarya

CER1-8 Nevsehir

CER1-9 Kastamonu

CER1-10 Kastamonu

CER1-11 Samsun

CER1-12 Sivas

CER1-13 Izmir

CER1-14 Gaziantep

CER1-15 Kastamonu

CER1-16 Kastamonu

CER1-17 Gaziantep

CER1-18 Siirt

CER1-19 Gaziantep

CER1-20 Gaziantep

CER2-1 Rice Kastamonu (Tosya) 8.8
CER2-2 Pakistan (Imported)

CER2-3 Samsun (Bafra)

CER2-4 Corum (Osmancik)

CER2-5 China (Imported)

CER2-6 Italy (Imported)

CER2-7 Thailand (Imported)

CER2-8 Kastamonu (Tosya)

CER2-9 Kastamonu (Tosya)

CER2-10 Bolu

CER3-1 Maize Samsun (Carsamba) 19
CER3-2 Kahramanmaras

CER3-3 Kastamonu (fhsangazi)
CER3-4 Samsun (Carsamba)

CER3-5 Aydin

CER4-1 Barley Kastamonu (Arac) 0.9
CER4-2 Kastamonu (fhsangazi)
CER5-1 Oats Germany (Imported) 1.3
CER5-2 Russia (Imported)

CER5-3 Mersin

*Taken from Akyol (2024) and TUIK (2025)

etal., 2020; Cengiz and Caglar, 2021; Ozturk and Arici, 2021; Karapinar,
2023).

Keeping all these in mind, the purpose of this study is to determine
the concentrations of toxic and radiotoxic HMs in cereal grains and
assess potential health risks (PHRs). For this purpose, i) the concentra-
tions of toxic (Cr, Co, Cu, Fe, Mn, Ni, and Zn) and radiotoxic (U and Th)
HMs in the most consumed commercial cereal grain (wheat, rice, maize,
barley, and oats) samples in Tiirkiye were analyzed by using an energy
dispersive X-ray fluorescence (EDXRF) spectrometer, ii) the contents of
U and Th were converted into activity concentrations of 2%U and 232Th,
and iii) non-carcinogenic and radiological PHRs were assessed for adults
consumers by estimating hazard index, and total annual effective dose
and the corresponding excess lifetime cancer risk. This is the first study
in Tiirkiye to simultaneously quantify toxic and radiotoxic metals in
multiple cereal types and assess both non-carcinogenic and radiological
risks.

2. Materials and methods
2.1. Sample collection and preparation

Forty cereal grain samples, some of which are commonly consumed
and grown in different regions of Tiirkiye, and some of which are im-
ported, were purchased from supermarkets. Information on the cereal
grain samples is provided in Table 1. Samples were not selected to
represent specific regions; the study reflects commercial availability
rather than geographic distribution. Samples brought to the laboratory

Journal of Food Composition and Analysis 151 (2026) 108958

were removed from their original packaging, and each sample was
coded as CER. The sample preparation procedure for analysis was given
in previous studies (Sultan et al., 2020; Turhan et al., 2024). Each
sample was dried again at a constant temperature to remove moisture
and ground into a powder using a ceramic mortar. Approximately 3 g of
each homogenized sample was used for EDXRF analysis.

2.2. Analysis of toxic heavy metals

The elemental analysis of toxic and radiotoxic HMs in the samples
was performed by an EDXRF spectrometer (SPECTRO XEPOS, Analytical
Instruments GmbH). The technical specifications of the EDXRF spec-
trometer were presented in Table S1 (Sultan et al., 2020; Altikulac,
Turhan, 2023; Turhan et al., 2024; Turhan, 2025). Quality assurance of
EDXRF spectrometric analyses was performed using NIST SRM 2709
certified soil reference material (Table S2). The EDXRF spectrometer's
target modifier, which optimizes excitation using polarization and sec-
ondary targets, has many different excitation conditions that guarantee
the best determination of all elements from Na to U, ranging from less
than mg/kg to percentages. Measurements were performed in a He gas
environment. Samples for analysis were placed in 12 simultaneous
sampling devices, and the analysis time was set to 1800 s. The overall
uncertainty of the analytical procedure varied from 0.1 % to 16.6 %. The
limit of detection (LOD) was calculated as follows (Van Grieken, Mar-
kowicz. 2001; Turhan et al., 2026):

3 xG Np
AL VN e

C t

LOD = (@]

where C is the i elemental concentration, Ny is the background count
ratio, N¢ is the net count ratio, and t is the counting time (Turhan et al.,
2026). The LOD (in /kg) of toxic and radiotoxic HMs is found to be As
0.7; Cd 2.0; Cr 1.0; Co 3.0; Cu 0.6; Fe 1.3; Hg 1.0; Mn 1.1; Ni 1.0; Pb 1.0;
Zn 0.6; Th 0.3; U 0.2. The limit of quantification (LOQ) of toxic and
radiotoxic HMs is given as maximum values in Tables 2 and 4. The
lowest and highest LOQ values were determined as 1.6 mg/kg (U) and
154.1 mg/kg (Fe), respectively.

2.3. Activity concentration of radiotoxic HM

The elemental concentration of U and Th analyzed in each cereal
grain sample was converted into the activity concentration of 2®U and
232Th as follows (Turhan, 2025):

_ CxAxNy xh

A
M x F

2
where A is the activity concentration of radiotoxic HM (Bq/kg); C is the
elemental concentration of element (mg/kg); A is the decay constant (1/
s) of each radiotoxic HM; Ny is Avogadro's number (6.023 x1023
atoms/mol); h is the atomic abundance (%) (99.275 for 23817 and 99.98
for 232Th); M is the atomic mass (kg/mol) (238.050 for 238y and 232.038
for 232Th) and F is a factor with a value of 1000,000 for 2387 and 2%Th.

2.4. Non-carcinogenic PHR assessment

Health risk assessment is conducted using the method developed by
the United States Environmental Protection Agency (USEPA, 1989) to
assess the degree and likelihood of adverse health effects in individuals
exposed to toxic substances through ingestion, inhalation, and dermal
contact (Turhan et al., 2024). PHR assessment is generally based on the
estimation of carcinogenic and non-carcinogenic risks for various age
groups (Mileti¢ et al., 2023; Turhan et al., 2024). In this study, the
non-carcinogenic PHR due to the ingestion of toxic HMs in the samples
examined cereal grain samples was assessed for adult consumers by
estimating the average daily dose (ADD in mg /kg-d), hazard quotient
(HQ), and hazard index (HI). The ADD, HQ and HI were calculated as
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Table 2
Elemental concentrations of toxic heavy metals in cereal grain samples.
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Sample code Elemental concentration (mg/kg)

Cr Mn Fe Co Ni Cu Zn
CER1-1 2.1 + 0.2 68.2 + 1.2 58.1 + 1.2 4.1 + 0.6 7.3 + 0.3 8.7 + 0.3 40.1 + 0.3
CER1-2 2.4 + 0.2 65.8 + 1.3 56.0 + 1.2 < LOD 7.3 + 0.3 8.2 + 0.2 38.4 + 0.3
CER1-3 2.2 + 0.2 57.7 + 1.3 33.4 + 0.8 5.3 + 0.8 7.0 + 0.3 6.7 + 0.2 46.3 + 0.4
CER1-4 23 + 02 817 + 15 440 + 11 42 + 06 65 + 02 99 + 02 399 + 03
CER1-5 2.6 + 0.3 72.2 + 1.2 48.9 + 1.1 9.0 + 1.3 7.7 + 0.3 10.1 + 0.3 52.3 + 0.4
CER1-6 < LOD 32.8 + 0.6 45.6 + 1.0 5.5 + 0.8 8.7 + 0.3 7.1 + 0.2 26.6 + 0.2
CER1-7 < LOD 23.2 + 03 216 + 0.5 LOD 4.7 + 02 73 + 02 196 + 02
CER1-8 3.5 + 0.4 87.7 + 1.0 87.7 + 1.9 9.0 + 1.3 7.0 + 0.3 11.5 + 0.4 63.5 + 0.6
CER1-9 3.4 + 0.4 91.3 + 1.5 154.1 + 3.3 12.4 + 1.7 10.9 + 0.4 8.1 + 0.3 61.8 + 0.5
CER1-10 3.3 + 0.3 82.7 + 1.6 94.4 + 2.0 15.7 + 2.2 12.4 + 0.5 9.1 + 0.3 68.6 + 0.7
CER1-11 28 + 03 733 + 15 393 + 0.8 <LOD 6.1 + 02 74 + 22 496 + 05
CER1-12 2.9 + 0.3 40.0 + 0.8 39.5 + 0.9 < LOD 13.6 + 0.5 10.7 + 0.4 44.9 + 0.4
CER1-13 2.2 + 0.2 64.1 + 1.2 35.0 + 0.7 6.9 + 1.0 7.5 + 0.3 6.9 + 0.2 42.3 + 0.3
CER1-14 1.6 + 02 335 + 06 172 + 04 <LOD 5.6 + 02 78 + 02 357 + 03
CER1-15 < LOD 80.4 + 1.5 70.4 + 1.5 LOD 5.6 + 0.2 10.0 + 0.2 88.4 + 0.9
CER1-16 2.3 + 0.2 65.0 + 1.2 58.6 + 1.3 4.3 + 0.6 5.8 + 0.2 8.8 + 0.3 62.8 + 0.6
CER1-17 2.5 + 0.2 63.3 + 1.2 379 + 0.8 < LOD 6.3 + 0.2 10.4 + 0.3 44.4 + 0.4
CER1-18 1.8 + 01 307 + 06 121 + 03 <LOD 4.7 + 02 81 + 03 280 + 03
CER1-19 2.7 + 0.2 85.2 + 1.6 60.4 + 1.3 4.2 + 0.6 5.6 + 0.2 9.1 + 0.3 47.2 + 0.4
CER1-20 1.7 + 0.1 31.2 + 0.6 17.6 + 0.4 4.0 + 0.6 5.8 + 0.2 8.2 + 0.2 33.6 + 0.3
CER2-1 < LOD 17.1 + 03 <LOD 4.3 + 05 52 + 02 95 + 03 237 + 02
CER2-2 7.8 + 0.1 < LOD < LOD 5.2 + 0.2 7.2 + 0.2 8.6 + 0.1
CER2-3 25.3 + 0.5 5.1 + 0.1 5.9 + 0.8 6.7 + 0.3 5.6 + 0.2 28.7 + 0.3
CER2-4 21.5 + 04 <LOD 4.2 + 06 54 + 02 46 + 01 249 + 02
CER2-5 20.4 + 0.4 < LOD < LOD 5.2 + 0.2 7.5 + 0.2 29.1 + 0.2
CER2-6 14.6 + 0.3 < LOD < LOD 5.4 + 0.2 5.9 + 0.2 28.5 + 0.2
CER2-7 17.4 + 0.3 < LOD 4.4 + 0.6 6.0 + 0.2 6.0 + 0.2 28.0 + 0.2
CER2-8 31.8 + 0.6 5.5 + 0.1 6.8 + 1.0 6.6 + 0.3 7.2 + 0.2 22.8 + 0.2
CER2-9 18.5 + 0.3 < LOD 4.1 + 0.6 5.7 + 0.2 5.0 + 0.2 23.2 + 0.2
CER2-10 45.4 + 0.8 < LOD 4.2 + 0.6 6.3 + 0.2 8.3 + 0.2 30.0 + 0.2
CER3-1 < LOD 6.2 + 0.1 10.8 + 0.2 4.0 + 0.6 6.4 + 0.2 3.3 + 0.1 7.9 + 0.1
CER3-2 1.5 + 0.1 31.4 + 0.6 34.6 + 0.7 4.2 + 0.6 7.0 + 0.3 7.0 + 0.2 60.8 + 0.5
CER3-3 3.9 + 0.3 33.0 + 0.6 48.1 + 1.0 4.4 + 0.6 7.4 + 0.3 5.2 + 0.2 48.3 + 0.4
CER3-4 < LOD 5.6 + 01 <LOD 7.7 + 11 69 + 03 38 + 01 7.2 + 01
CER3-5 4.4 + 0.5 27.1 + 0.5 38.8 + 0.8 < LOD 7.1 + 0.3 5.2 + 0.2 46.6 + 0.4
CER4-1 1.9 + 0.2 57.6 + 1.0 26.9 + 0.6 5.5 + 0.8 7.7 + 0.3 7.2 + 0.2 35.0 + 0.3
CER4-2 34 + 03 581 + 1.0 1370 + 29 100 + 1.4 79 + 03 100 + 03 555 + 05
CER5-1 2.7 + 0.2 106.9 + 1.9 106.8 + 2.2 8.1 + 1.1 13.1 + 0.5 129 + 0.4 75.0 + 0.6
CER5-2 3.0 + 0.2 114.4 + 2.1 529 + 1.1 10.6 + 1.5 27.6 + 1.1 12.2 + 0.4 55.1 + 0.5
CER5-3 32 + 03 867 + 1.6 446 + 09 7.2 + 1.0 88 + 04 89 + 0.3 4438 + 04
Average 2.7 49.8 6.4 7.6 7.9
49.4 40.4
SE 0.1 5.6 0.5 0.6 0.3
47 2.9
Median 2.6 44.0 5.4 6.7 8.0
42.7 40.0
SD 0.7 35.4 3.0 3.9 2.2
29.7 18.2
Kurtosis -0.2 2.1 2.3 18.6 -0.1
-1.0 0.1
Skewness 0.5 1.4 1.5 3.9 0.1
0.3 0.4
Min < LOD < LOD < LOD 4.7 3.3
5.6 7.2
Max 4.4 154.1 15.7 27.6 129
114.4 88.4
SE: standard error; SD: standard deviation
follows (Mileti¢ et al. 2023; Turhan et al. 2024): amount for each type of grain, given in kg/y in the last column of Table 1
C x DI and it was converted to kg/d; BM is the average body mass (70 kg) and
ADD = BM 3) R¢D is the oral reference dose (mg/kg-d). The values of R¢D were taken as
14 x 1072 (Co), 3 x 1073 (Cr-VD), 5x 1073 (Cu), 7 x 107! (Fe),
ADD 1.4 x 107! (Mn), 2 x 1072 (Ni), and 3 x 107! (Zn) (Miletic et al., 2023;
HQ= Rf—D C)) Turhan et al., 2024). If HQ or HI > 1, there is a serious PHR for humans,
and if HQ or HI < 1, the effect of toxic HMs is negligible (Miletic et al.,
n 2023; Turhan et al., 2024).
HI =) HQi=1,2,3,..n (5)

i=1

where n is the number of toxic HMs; C is the elemental concentration
(mg/kg) of toxic HM analyzed in the samples; DI is the daily intake

2.5. Radiological PHR assessment

Radionuclides taken into the human body can move throughout the
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Fig. 1. Distributions of toxic (in the yellow area) and radiotoxic (in the blue area) heavy metals. The hierarchy of elemental concentrations highlights the prevalence
of essential yet toxic trace elements compared to the relatively low but persistent presence of terrestrial radionuclides across all analyzed cereal samples.

body via the blood or lymph. Internal organs and tissues have unique
propensities to retain certain types of radionuclides. Accumulation and
retention of U in organs or tissues (liver, kidney, and bone) can persist
for days or even years, potentially resulting in unpredictable deleterious
health effects (Ma et al., 2020). They can accumulate in the lungs, liver,
or bones (Popoola et al., 2024). Internal exposure results from the
irradiation of organs and tissues with ionizing radiation emitted by these
radionuclides, and their effects on tissues are influenced by their bio-
logical and physical half-lives over time (Shuaibu et al., 2023). In this
study, the radiological PHR was assessed for adult consumers by esti-
mating the annual effective dose and excess lifetime cancer risk. The
annual effective dose was estimated as follows (UNSCEAR, 2000):

Egy = CR x Y _A; x DCF )
J

where Egg is the annual effective dose (uSv/y); CR is the annual con-
sumption of cereal grain per capita (kg/y) given in the last column of
Table 1; A is the activity concentration (Bq/kg) of radiotoxic HM, and
DCFj is the dose conversion factor of radiotoxic HM given as 0.045 and
0.23 pSv/Bq for 238U and 232Th (ICRP, 2012; UNSCEAR, 2000). The
corresponding lifetime cancer risk is estimated as follows (Altamemi
et al., 2021):

LCR = Egy x ALT x RC @)

where LCR is the excess lifetime cancer risk; ALT is the average lifetime

Table 3

Comparison of concentrations of toxic heavy metals in cereal grain samples with other studies available in the literature.
Country Cereal type Concentration of toxic heavy metal (mg/kg) Ref.

Cr Mn Fe Co Ni Cu Zn

Ethiopia Wheat 0.4 7.7 10.6 0.4 0.3 1.7 8.5 Tegegne, 2015
Nigeria Wheat 0.4 63.3 48.1 0.2 0.7 4.9 26.1 Ikem et al., 2023
Italy Wheat - - - - 0.7 4.3 57.7 Brizio et al., 2016
Iran Wheat 78.3 - - 0.1 - - - Amarloei et al., 2025
Asia countries Wheat 2.5 81.6 0.03 4.4 3.1 5.6 25.7 Kerketta et al., 2023
Saudi Arabia Wheat - 13.9 128.8 - - 4.9 24.4 Ali and Al-Qahtani, 2012
Tiirkiye Wheat 2.5 61.5 51.6 7.1 7.3 8.7 46.7 This study
Italy Rice - - - - 0.2 1.4 27.8 Brizio et al., 2016
Iran Rice 87.6 - - 0.1 - - - Amarloei et al., 2025
USA Rice - - 25.0 - - - 24.0 TatahMentan et al., 2023
Asia countries Rice 2.2 - 89.0 3.0 2.7 7.3 19.8 Kerketta et al., 2023
Saudi Arabia Rice - 9.8 84.1 - - 7.8 27.8 Ali and Al-Qahtani, 2012
Tiirkiye Rice - 22.0 5.3 4.8 5.8 6.7 24.8 This study
Ethiopia Maize 0.5 0.4 0.4 0.2 0.1 0.1 0.7 Getu et al., 2022
Nigeria Maize 0.3 10.0 33.8 0.3 0.5 9.3 24.0 Ikem et al., 2023
Ttaly Maize - - - - 0.7 2.0 37.1 Brizio et al., 2016
Iran Maize 93.8 - - 0.002 - - - Amarloei et al., 2025
Asia countries Maize 1.4 - 68.6 15.1 1.4 6.1 30.1 Kerketta et al., 2023
China Maize 2.4 - - - - 1.0 17.0 Liu et al., 2020
Tiirkiye Maize 3.5 20.7 33.1 5.1 7.0 4.9 34.2 This study
Ethiopia Barley 0.1 1.7 31.9 0.2 - 0.2 3.9 Tegegne, 2015
Italy Barley - - - - 0.2 5.0 63.5 Brizio et al., 2016
Tiirkiye Barley 2.7 57.9 82.0 7.8 7.8 8.6 45.3 This study
Italy Oats - - - - 4.7 3.8 51.3 Brizio et al., 2016
Tiirkiye Oats 3.0 102.7 68.1 8.6 16.5 11.3 58.3 This study
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Fig. 2. Box plot showing comparison of toxic (in the yellow area) and radiotoxic (in the blue area) heavy metals analyzed in cereal products: (A) Wheat (CER1), (B)
Rice (CER2), (C) Maize (CER3), (D) Barley (CER4), and (E) Oat (CER5). The significant variability observed in element-specific accumulation suggests that metal
uptake is highly dependent on cereal species and soil-plant transfer characteristics.

(70 y) for adult consumers, and RC is the fatal cancer risk factor per Sv
(0.057/Sv) for the public (ICRP, 1990; Altamemi et al., 2021).

2.6. Statistical analysis

To identify statistically significant distinctions across the analyzed
data, a rigorous preliminary assessment of the data's distributional at-
tributes was performed. This involved utilizing the Shapiro-Wilk test for
normality and Levene's test for assessing variance homogeneity.
Although various transformations were explored to improve normality
and homogeneity of variance, the data continued to deviate from a
normal distribution. Therefore, the non-parametric Kruskal-Wallis test
(o = 0.05) was performed on the raw (untransformed) data to identify
statistically significant differences. For variables exhibiting a significant
Kruskal-Wallis result, a Dunn's post-hoc test, employing a Bonferroni
adjustment for multiple comparisons, was subsequently conducted to
identify the specific pairs driving these differences. Additionally, Pear-
son correlation coefficients were calculated to investigate correlations
between toxic and radiotoxic HMs in the samples. All analyses were

conducted in R Studio, version 2023.06 (R Core Team R, 2023).
3. Results and discussion
3.1. Toxic and radiotoxic HM contents of cereal grains

The strengths of this study are the novel integration of toxic and
radiotoxic heavy metals in cereals in Tiirkiye, the inclusion of non-
carcinogenic and radiological risk assessments, and a clear comparison
with literature data in the discussion section. A limitation of this study is
that differences in toxic and radiotoxic metal concentrations in the
samples were not related to the soil characteristics in which the crops
were grown.

The contents of arsenic (As), Cd, mercury (Hg), and Pb, which are
considered to be in the carcinogenic HMs class, were found below the
detection limit (As < 0.7 mg/kg; Cd < 2.0 mg/kg; Hg < 1.0 mg/kg and
Pb < 1.1 mg/kg). The elemental concentrations and some descriptive
statistical data of toxic HMs analyzed in cereal grain samples are given in
Table 2. The frequency distributions of each HM after the square root
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transformation are shown in Fig. 1. Fig. 1 is a boxplot, which provides a
comprehensive overview of the concentrations of the investigated toxic
and radiotoxic HMs, aggregated across all analyzed cereal products.
Each box plot summarizes the median, interquartile range (IQR), and
presence of potential outliers for each HM. A distinct hierarchy in
elemental concentrations is clearly observable. Mn, Fe, and Zn consis-
tently exhibited the highest median concentrations among all analyzed
HMs. Furthermore, these elements displayed substantial variability,
characterized by notably wider interquartile ranges. Conversely, Cr, Co,
Ni, Cu, U, and Th generally presented much lower median concentra-
tions. U, in particular, registered the lowest levels and a relatively nar-
row interquartile range, indicating its consistently low presence across
the majority of samples. The Kruskal-Wallis and subsequent Dunn’s
post-hoc test revealed significant differences for the elemental concen-
trations of Mn, Fe, Ni, Cu, and Zn when compared to other toxic HMs
(p < 0.05). Table 3 represents a comparison of concentrations of toxic
HMs with those in similar investigations in other countries. From
Table 2, toxic HM contents of cereal grain samples varied depending on
the geological, geochemical structure, and natural processes of the re-
gion where the samples were produced. Cr was observed below the
detection limit (1.0 mg/kg) in all rice samples. According to their
average contents, toxic HMs analyzed above the detection limit in cereal
grain samples were listed as follows: Cr < Co < Ni < Cu < Zn < Mn
< Fe. The comparison of toxic and radiotoxic HMs in cereal products
(groups) is presented in Fig. 2. From Fig. 2, overall, the concentration
levels of Mn, Fe, and Zn appear higher across most cereal types when
compared to other analyzed HMs. In contrast, elements such as Cr, Co,
Ni, Cu, and the radiotoxic isotopes U and Th generally exhibit much
lower concentration ranges. Significant variability in concentrations is
observed both within specific HMs across different cereal types and for
certain HMs within individual cereal products, as indicated by the
spread of the boxes and presence of outliers.

According to their average contents, toxic HMs analyzed in the cereal
grain groups were listed as follows: Cr < Co < Ni < Cu < Zn < Fe < Mn
(CER1); Co < Fe <Ni < Cu <Mn < Zn (CER2); Cr < Cu < Co < Ni
< Mn < Fe < Zn (CER3); Cr < Co < Ni < Cu < Zn < Mn < Fe (CER4)
and Cr < Co < Cu < Ni < Zn < Fe < Mn (CER5).

3.1.1. Chromium

Cr is both an essential and toxic HM for the human body. Cr(III) is a
biologically essential element due to its role in carbohydrate and sugar
metabolism and protein, while Cr(VI) is potentially toxic (Tchounwou
et al., 2012). The contents of Cr analyzed in the cereal grain samples
varied from <LOD to 4.4 + 0.5 mg/kg with an average of 2.7
+ 0.1 mg/kg. The highest content of Cr was analyzed in sample CER3-5
(maize from Aydin province). Statistical analysis revealed significant
differences in Cr content between CER1 and CER2, and also between
CER2 and CERS5 (p < 0.05). From Table 3, the average Cr in CER1 is
similar to the average concentration in wheat consumed in eleven Asian
countries (China, India, Pakistan, Bangladesh, etc.). The average Cr is
significantly lower than that in Iranian wheat, while it is higher than
that in Nigerian and Ethiopian wheat samples. The average Cr in CER3 is
significantly lower than that in Iranian maize, while it is higher than that
in maize samples consumed in Asian countries, Nigeria, and Ethiopia.
The average Cr in CER4 is higher than that in Ethiopian barley.

3.1.2. Manganese

Mn is an essential nutrient for many indispensable biochemical
processes in the human body and is an important cofactor in many
enzyme-related processes (Kulshreshtha et al., 2021). Adverse health
effects can occur due to insufficient intake or excessive exposure. Mn
toxicity can lead to serious pathologies in the central nervous system,
and the typical symptom of Mn overexposure is Parkinsonism
(Kulshreshtha et al., 2021). The contents of Mn varied from 5.6
+0.1-114.4 + 2.1 mg/kg with an average of 49.4 + 4.7 mg/kg. The
highest Mn content was found in sample CER5-2 (oats imported from
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Russia), and the lowest in sample CER3-4 (corn from Samsun province).
The statistical analysis indicated that the Mn content differed signifi-
cantly when comparing CER1 with CER2, and similarly, when
comparing CER1 with CER3, CER2 with CER5, and CER3 with CER5
(p < 0.05). From Table 3, the average Mn in CER1 is in agreement with
that in Nigerian wheat. The average Mn is higher than that in wheat
samples consumed in Saudi Arabia and Ethiopia, while it is lower than
that in wheat samples consumed in Asian countries. The average Mn in
CER2 is higher than that in Saudi Arabian rice. The average Mn in CER3
is higher than that in maize samples consumed in Nigeria and Ethiopia.
The average Mn in CER4 is significantly higher than that in Ethiopian
barley.

3.1.3. Iron

Fe is both an essential micronutrient for the human body and a toxic
HM due to its ability to produce free radicals that can damage biological
systems (Yadav and Singh, 2022). On the other hand, Fe deficiency is the
most common nutritional deficiency and the primary trigger of anaemia.
However, excess Fe can accumulate in organs such as the heart, liver,
and endocrine glands (Yadav and Singh, 2022). The contents of Fe
varied from < LOD to 154.1 + 3.3 mg/kg with an average of 49.8
+ 5.6 mg/kg. The highest Fe content was analyzed in sample CER1-9
(wheat from Kastamonu province). Statistical analysis presented sig-
nificant differences in Fe content between CER1 and CER2, and also
between CER2 and CER5 (p < 0.05). From Table 3, the average Fe in
CER1 is lower than that in Saudi Arabian wheat, while it is higher than
that in wheat samples consumed in Asian countries, Nigeria, and
Ethiopia. The average Fe in CER2 is significantly lower than that in rice
samples consumed in Asian countries, the USA, and Saudi Arabia. The
average Fe in CER3 is in agreement with that in Nigerian maize. The
average Fe in CER3 is lower than that in maize samples consumed in
Asian countries, while it is significantly higher than that in Ethiopian
maize. The average Fe in CER4 is higher than that in Ethiopian barley.
Higher Mn and Fe levels may reflect natural abundance in Turkish soils
and their high mobility in plant uptake systems.

3.1.4. Cobalt

Co is both an essential element constituent of vitamin B12 and a toxic
HM (Leyssens et al., 2017). Excessive Co exposure causes a complex
clinical syndrome that includes various cardiovascular, neurological,
and endocrine deficiencies (Leyssens et al., 2017). The contents of Co
varied from <LOD to 15.7 + 2.2 mg/kg with an average of 6.4
+ 0.5 mg/kg. The highest content of Co was found in sample CER1-10
(wheat from Kastamonu province). Statistical analysis indicated no
significant difference in Co content across all CER samples (p > 0.05).
The average Co in CER1 and CER2 is higher than that in wheat and rice
samples consumed in the countries given in Table 3. The average Co in
CER3 is higher than that in maize samples consumed in Iran, Nigeria,
and Ethiopia, while it is lower than that in maize samples consumed in
Asian countries. The average Co in CER4 is significantly higher than that
in Nigerian barley.

3.1.5. Nickel

Ni is both an essential mineral that can prevent anaemia, regulate
prolactin, and stabilize DNA and RNA structures, and a toxic HM that
can affect many organs (Nematollahi et al., 2021). The contents of Ni
varied from 4.7 4+ 0.2-27.6 + 1.1 mg/kg with an average of 7.6
+ 0.6 mg/kg. The highest content of Ni was found in sample CER5-2
(oats imported from Russia), and the lowest in sample CER1-7 (wheat
from Sakarya province). Significant statistical differences in Ni content
were observed for the comparisons between CER2 and CERS5 (p < 0.05).
The average Ni in CER1 and CER2, CER3, and CER4 is higher than that
in wheat, rice, maize, and barley samples consumed in the countries
given in Table 3.
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Table 4
Elemental and activity concentrations of radiotoxic heavy metals in cereal grain samples.
Sample code Elemental concentration (mg/kg) Activity concentration (Bq/kg)
U Th ZSSU 232Th
CER1-1 < LOD 1.4 + 0.2 5.7 + 0.6
< LOD
CER1-2 < LOD 0.7 + 0.1 2.8 + 0.3
< LOD
CER1-3 0.8 + 0.1 1.2 + 0.1 9.9 + 0.7 4.9 + 0.5
CER1-4 < LOD 0.7 + 0.1 2.8 + 0.3
< LOD
CER1-5 0.6 =+ 0.1 1.6 + 0.2 7.4 + 0.1 6.5 + 0.7
CER1-6 1.6 + 0.1 1.6 + 0.2 19.8 + 1.5 6.5 + 0.7
CER1-7 1.0 + 0.1 0.5 + 0.1 12.3 + 0.9 2.0 + 0.2
CER1-8 0.6 + 0.1 1.6 + 0.2 7.4 + 0.1 6.5 + 0.7
CER1-9 1.4 =+ 0.1 1.9 + 0.2 17.3 + 1.2 7.7 + 0.8
CER1-10 1.2 + 0.1 2.4 + 0.3 14.8 + 1.0 9.7 + 1.1
CER1-11 1.0 + 0.1 1.1 + 0.1 12.3 + 0.9 4.5 + 0.5
CER1-12 1.0 =+ 0.1 1.0 + 0.1 12.3 + 0.9 4.1 + 0.4
CER1-13 1.5 + 0.1 2.3 + 0.3 18.5 + 1.3 9.3 + 1.0
CER1-14 < LOD 1.1 + 0.1 4.5 + 0.5
< LOD
CER1-15 0.6 + 0.1 1.1 + 0.1 7.4 + 0.1 4.5 + 0.5
CER1-16 1.0 + 0.1 2.1 + 0.2 12.3 + 0.9 8.5 + 0.9
CER1-17 0.6 + 0.1 1.2 + 0.1 7.4 + 0.1 4.9 + 0.5
CER1-18 0.9 + 0.1 0.9 + 0.1 11.1 + 0.8 3.7 + 0.4
CER1-19 < LOD 1.1 + 0.1 4.5 + 0.5
< LOD
CER1-20 < LOD 0.8 + 0.1 3.2 + 0.4
< LOD
CER2-1 < LOD 0.9 + 0.1 3.7 + 0.4
< LOD
CER2-2 < LOD 1.2 + 0.1 4.9 + 0.5
< LOD
CER2-3 1.4 + 0.1 1.9 + 0.2 17.3 + 1.2 7.7 + 0.8
CER2-4 < LOD 1.3 + 0.1 5.3 + 0.6
< LOD
CER2-5 < LOD 0.9 + 0.1 3.7 + 0.4
< LOD
CER2-6 1.0 + 0.1 0.7 + 0.1 12.3 + 0.9 2.8 + 0.3
CER2-7 0.9 + 0.1 1.9 + 0.2 11.1 + 0.8 7.7 + 0.8
CER2-8 1.4 =+ 0.1 21 + 0.2 17.3 + 1.2 8.5 + 0.9
CER2-9 < LOD 1.0 + 0.1 4.1 + 0.4
< LOD
CER2-10 0.6 + 0.1 1.1 + 0.1 7.4 + 0.1 4.5 + 0.5
CER3-1 0.7 + 0.1 1.4 + 0.2 8.6 + 0.1 5.7 + 0.6
CER3-2 < LOD 1.4 + 0.2 5.7 + 0.6
< LOD
CER3-3 0.9 + 0.1 1.4 + 0.2 11.1 + 0.8 5.7 + 0.6
CER3-4 1.4 + 0.1 2.6 + 0.3 17.3 + 1.2 10.5 + 1.2
CER3-5 < LOD 1.5 + 0.2 6.1 + 0.7
< LOD
CER4-1 0.9 + 0.1 1.8 + 0.2 11.1 + 0.8 7.3 + 0.8
CER4-2 < LOD 1.0 + 0.1 4.1 + 0.4
< LOD
CER5-1 0.6 + 0.1 1.7 + 0.2 7.4 + 0.1 6.9 + 0.8
CER5-2 1.2 + 0.1 2.1 + 0.2 14.8 + 1.0 8.5 + 0.9
CER5-3 0.8 + 0.1 1.7 + 0.2 9.9 + 0.7 6.9 + 0.8
Average 1.0 12.2
1.4 5.7
SE 0.1 0.6
0.1 0.3
Median 1.0 11.7
1.4 5.5
SD 0.3 3.9
0.5 2.1
Kurtosis -1.0 -1.0
-0.5 -0.5
Skewness 0.4 0.4
0.5 0.5
Min < LOD < LOD
0.5 2.0
Max 1.6 19.8
2.6 10.5




S. Turhan et al.

3.1.6. Copper

Cu is both an essential element that plays a role in many physio-
logical processes, such as infant development and growth, fetal brain
development, bone strength, cholesterol metabolism, and immune
function, and a toxic HM that can negatively affect the functions of
important organs such as the brain, kidneys, and liver at high exposure
(Taylor et al., 2020). The contents of Cu varied from 3.3 + 0.1-12.9
+ 0.9 with an average of 7.9 + 0.3 mg/kg. The highest Cu content was
found in sample CER5-1 (oats imported from Germany), and the lowest
in sample CER3-1 (corn from Samsun province). The statistical analysis
showed that the Cu content differed significantly when comparing CER1
with CER3, and similarly, when comparing CER2 with CER5 and CER3
with CER5 (p < 0.05). The average Cu in CER1 is higher than that in
wheat samples consumed in the countries given in Table 3. The average
Cu in CER2 is lower than that in rice samples consumed in Asian
countries and Saudi Arabia, while it is higher than that in Italian maize.
The average Cu in CER3 is lower than that in maize samples consumed in
Asian countries and Nigeria, while it is higher than that in maize samples
consumed in Ethiopia, Italy, and China. The average Cu in CER4 is
higher than that in barley samples consumed in Ethiopia and Italy. The
average Cu in CER5 is higher than that in Italian oats.

3.1.7. Zinc

Zn is both an important essential element that can bind to more than
300 enzymes and more than 2000 transcriptional factors, and a toxic
HM that excessive doses can cause gastrointestinal disorders (Chasapis
et al., 2020; Nematollahi et al., 2021). The contents of Zn varied from
7.2 + 0.1-88.4 £ 0.9 mg/kg with an average of 40.4 + 2.9 mg/kg. The
highest content of Zn was found in sample CER1-15 (wheat from Kas-
tamonu province), and the lowest content was found in sample CER3-4
(maize from Samsun province). Statistical analysis revealed significant
differences in Zn content between CER1 and CER2, and also between
CER2 and CERS. The average Zn in CER1 is higher than that in wheat
samples consumed in countries given in Table 3, except for Italy. The
average Zn in CER2 is in agreement with that in rice samples consumed
in the USA. The average Zn in CER2 is higher than that in rice samples
consumed in Asian countries, while it is lower than that in rice samples
consumed in Italy and Saudi Arabia. The average Zn in CER3 is higher
than that in maize samples consumed in countries given in Table 3,
except for Italy. The average Zn in CER4 is higher than that in Ethiopian
barley, while it is lower than that in Italian barley. The average Zn in
CERS is in agreement with that in Italian oats.

3.1.8. Uranium and thorium

The elemental and activity concentrations and some descriptive
statistical data of radiotoxic HMs analyzed in cereal grain samples are
given in Table 4. The activity concentration of 238U analyzed in the
cereal grain samples varied from < LOD to 19.8 + 1.5 Bq/kg with an
average of 12.2 + 0.6 Bq/kg. The highest activity concentration of 238U
was found in sample CER1-6 (wheat from Gaziantep province). Ac-
cording to the average activity contents of 222U, the cereal grain groups
were ranked as follows: CER2 (13.1 Bq/kg) > CER3 (12.3 Bq/kg)
> CER1 (12.2 Bq/kg) > CER4 (11.1 Bq/kg) > CER5 (10.7 Bq/kg). The
activity concentration of 2*2Th analyzed in the cereal grain samples
varied from 2.0 £ 0.2-10.5 + 1.2 Bq/kg with an average of 5.7
+ 0.3 Bg/kg. The highest activity concentration of 2*2Th was found in
sample CER3-4 (maize from Samsun province), and the lowest activity
concentration was found in sample CER1-7 (wheat from Sakarya
province). According to the average activity contents of 232Th, the cereal
grain groups were ranked as follows: CER5 (7.4 Bq/kg) > CER3 (6.7 Bq/
kg) > CER4 (5.7 Bq/kg) > CER1 (5.3 Bq/kg) > CER2 (5.27 Bg/kg).
Statistical analysis revealed no significant difference in the content of
238y and 232Th across any of the CER samples (p > 0.05). Lower U and
Th uptake is consistent with limited plant transfer coefficients reported
in previous studies.

In addition to these analyses, Pearson correlation analysis was
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Fig. 3. Correlation plot for toxic and radiotoxic heavy metals ("*" denotes
statistically significant correlation). Strong positive correlations among Cr, Mn,
and Fe suggest shared geogenic origins or common anthropogenic inputs such
as fertilizers, whereas the distinct correlation profiles for radionuclides imply
unique geochemical controls or different biological uptake mechanisms by the
cereal plants.

conducted to examine pairwise correlations among toxic and radiotoxic
HMs in the samples. Fig. 3 presents a correlation matrix illustrating the
pairwise relationships among concentrations of various toxic and radi-
otoxic HMs. The upper triangle of the matrix displays the Pearson cor-
relation coefficients via a color scale (blue for positive, red for negative,
darker shades indicating stronger correlations), with asterisks (*)
denoting statistically significant correlations (p < 0.05). The lower tri-
angle visually represents the strength and direction of these correlations
using pie charts. A prominent pattern observed is the strong, positive,
and statistically significant intercorrelations among most of the toxic
HMs. For instance, Cr shows significant positive correlations with Mn,
Fe, Co, Ni, Cu, and Zn, while Mn and Fe exhibit particularly strong
positive relationships with each other and with Co, Ni, Cu, and Zn. These
widespread positive correlations strongly suggest common geological
origins or shared anthropogenic inputs for these elements within the
study area. Furthermore, it could imply similar geochemical behavior in
soils, such as comparable mobility under specific pH or redox condi-
tions, or shared adsorption characteristics with soil organic matter and
clay particles. From a biological perspective, these correlations might
also point to non-specific or shared uptake mechanisms by cereal plants,
where common transporters facilitate the acquisition of multiple diva-
lent or trivalent metal ions from the soil solution. In contrast, the radi-
otoxic HMs generally displayed weaker and non-significant correlations
with the majority of the toxic heavy metals, with a notable exception.
Both 238U and 232Th showed a statistically significant and moderately
positive correlation with Ni, and a moderate positive correlation was
observed between Co and 2*2Th. This distinct behavior for the radio-
nuclides suggests different primary geochemical controls or unique
speciation compared to the other toxic metals. 238 and 232Th are often
associated with specific mineral phases, such as phosphates, silicates or
exhibit lower mobility under typical environmental conditions than
many HMs (Lefebvre et al., 2021). The significant correlation with Co
might indicate a localized geochemical association, where these three
elements are co-mobilized or co-precipitated from specific mineraliza-
tions present in the soil. Alternatively, it could imply a less common,
shared uptake pathway in plants that is distinct from the primary routes
for other heavy metals. In addition, there is also a significant correlation
between two radiotoxic HMs.
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Table 5

Values of hazard quotient (HQ) and hazard index (HI) estimated to assess non-
carcinogenic health risks from heavy metals analyzed in cereal groups (CER1:
wheat; CER: rice; CER3: maize; CER4: barley, and CER5: oats).

Heavy metal Values of hazard quotient (HQ)
CER1 CER2 CER3 CER4 CER5
Cr Average 5.8165 0.8092 0.0311 0.0503
Min 3.7402 0.3716 0.0223 0.0458
Max 8.1816 1.0899 0.0399 0.0542
Mn Average 3.0806 0.0540 0.1097 0.0145 0.0373
Min 1.1621 0.0192 0.0297 0.0145 0.0315
Max 4.5734 0.1116 0.1752 0.0146 0.0415
Fe Average 0.5168 0.0026 0.0351 0.0041 0.0049
Min 0.1212 0.0025 0.0115 0.0014 0.0032
Max 1.5438 0.0027 0.0511 0.0069 0.0078
Co Average 0.3531 0.0119 0.0269 0.0019 0.0031
Min 0.2004 0.0101 0.0212 0.0014 0.0026
Max 0.7864 0.0167 0.0409 0.0025 0.0038
Ni Average 2.5614 0.0993 0.2586 0.0137 0.0419
Min 1.6480 0.0895 0.2378 0.0136 0.0224
Max 4.7687 0.1153 0.2750 0.0139 0.0702
Cu Average 12.2093 0.4598 0.7283 0.0605 0.1153
Min 9.3972 0.3167 0.4905 0.0507 0.0905
Max 16.1295 0.6540 1.0404 0.0704 0.1312
Zn Average 1.0917 0.0284 0.0846 0.0053 0.0099
Min 0.4582 0.0099 0.0178 0.0041 0.0076
Max 2.0664 0.0344 0.1506 0.0065 0.0127
HI=SHQ Average 24.6 0.7 1.7 0.1 0.3
Min 13.7 0.5 0.8 0.1 0.2
Max 34.0 0.8 2.4 0.2 0.3

Overall, the correlation analysis reveals a complex interplay of
environmental factors influencing heavy metal accumulation in cereal
products. The strong intercorrelations among most toxic HMs highlight
common source-sink relationships and similar biogeochemical cycling,
whereas the distinct correlation profile of radiotoxic HMs with Ni and Co
points to more specific geochemical or biological interactions for these
radionuclides.

3.2. Non-carcinogenic PHR risk assessment

The ADD values (in mg/kg-d) varied from 6.7 x 107° (Crin CER4-1)
to 1.1 (Fe in CER1-9) mg/kg-d. The average ADD values (mg/ kg-d) of
the toxic HMs are ranked as Fe (0.237) > Mn (0.220) > Zn (0.169) > Cu
(0.032) > Ni(0.027) > Co (0.022) > Cr (0.012). The HQ values varied
from 1.4 x 10~2 (Fe in CER4-1) to 16.1 (Cu in CER1-8). The HQ av-
erages of the toxic HMs are listed as Cu (6.3) > Cr (2.5) > Mn (1.6) > Ni
(1.3) > Zn (0.6) > Fe (0.3) > Co (0.1). The HQ averages of Cu, Cr, Mn,
and Ni are higher than the risk limit of 1. The values of HI estimated for
toxic HMs in all cereal grain samples varied from 0.1 to 34.0.

Table 6
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Approximately 58 % of HI values are above the risk limit of 1. HQ and HI
values estimated for cereal grain groups are given in Table 5. According
to the average value of HI, the cereal grain groups were ranked as fol-
lows: CER1 (24.6) > CER3 (1.7) > CER2 (0.7) > CER5 (0.3) > CER4
(0.1). The statistical evaluation demonstrated that the HI values were
significantly disparate across several pairwise comparisons, specifically
between CER1 and CER2, CER1 and CER4, and CER1 and CER5
(p < 0.05).

3.3. Radiological PHR assessment

The total Egg values due to the ingestion of the investigated cereal
grain samples varied from 0.8 to 530.8 uSv/y with an average value of
151.6 pSv/y. The contribution of 238 and 2%2Th to the total Eggr values
was 23 % (35.1 pSv/y) and 77 % (116.6 uSv/y), respectively. LCR values
corresponding to the total annual effective dose varied from 3.4 x 107®
to 2.1 x 103 with an average value of 6.0 x 10~*. Total Egss and the
corresponding LCR values estimated for cereal grain groups are given in
Table 6. According to the average value of total Egg and LCR, the cereal
grain groups were ranked as follows: CER4 (1.4 pSv/y and 5.6 x107%)
< CER5 (2.8 uSv/y and 1.1 x107%) < CER2 (13.2 uSv/y and 5.3 x107%)
< CER 3 (35.6 uSv/y and 1.4 x10™%) < CER1 (287.2 pSv/y and
1.1 x1073). Regarding LCR values, the statistical analysis indicated
distinct differences between CER1 and CER2, CER1 and CER4, as well as
CER1 and CERS5 (p < 0.05).

The radar plots in Fig. 4 illustrate the relative magnitudes of the HI
and LCR values observed for five different cereal crops. The radial axes
represent proportional values of HI and LCR, with the outermost grid
line indicating the maximum observed value within each risk category,
thereby facilitating direct visual comparison of risk levels among ce-
reals. A striking pattern is evident: Wheat (CER1) consistently demon-
strates the highest contribution to both HI and LCR, forming the
prominent peak in both radar profiles. In contrast, Rice (CER2) and
Maize (CER3) generally exhibit the lowest HI and LCR values among the
analyzed cereal types. The similar overall shape between the HI and LCR
radar plots suggests a consistent relative risk profile across the cereals
for both human health endpoints. Furthermore, according to the
Kruskal-Wallis test, both HI and LCR indices displayed highly significant
differences across cereal groups (p < 0.001), with post-hoc Dunn’s tests
identifying significant pairwise distinctions, particularly between wheat
and other grains.

4. Conclusions
Non-carcinogenic potential health risk assessment revealed that the

estimated hazard index values for toxic heavy metals analyzed in wheat
samples were significantly greater than the safety limit of 1. This may be

Values of radiological parameters estimated to assess radiological health risks from radiotoxic heavy metals analyzed in cereal groups (CER1: wheat; CER: rice; CER3:

maize; CER4: barley, and CER5: oats).

Radiological parameter Cereal grain group

World average (uSv/y)

CER1 CER2 CER3 CER4 CER5
Annual effective dose
(uSv/y)
B8y Average 67.2 2.5 6.2 0.4 0.6
Min 58.4 2.9 7.2 0.4
Max 155.8 6.7 14.4 0.8
22Th Average 220.0 10.7 29.4 1.2 2.2
Min 83.6 5.7 24.8 0.8 2.1
Max 401.5 17.2 46.1 1.5 2.5
Total Average 287.2 13.2 35.6 1.4 2.8 120.0
Min 117.1 7.4 24.8 0.8 2.5
Max 530.8 23.9 60.5 2.0 3.4
Lifetime cancer risk Average 11x107° 5.3 x107° 1.4 x107* 5.6 x 107° 1.1 x107° 4.8 x107*
Min 4.7 x 107* 2.9 x107° 9.9 x 107° 3.4 x10°° 9.9 x 10°°
Max 2.1 x1073 9.5 x 107° 2.4 x107* 7.8 x 107° 1.4 x 107°
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Fig. 4. Combined health risk assessment showing normalized HI (A) and LCR (B) values. Wheat (CER1) demonstrates the highest contribution to both HI and LCR,
primarily reflecting higher Mn, Fe, and Zn concentrations combined with the high daily consumption rate of wheat-based products in Tiirkiye.

due to the high consumption of wheat compared to other grains,
resulting in the high consumption of wheat-based bread in Tiirkiye.
Therefore, it is recommended that relevant institutions and organiza-
tions implement policy measures, such as promoting dietary programs to
reduce wheat consumption. The total average annual effective dose and
the corresponding lifetime cancer risk are above the reported world
averages of 120 puSv/y and 4.8 x 10~ due to the ingestion of 2®U and
Z32Th in foods.

In conclusion, the results obtained from this study will raise con-
sumer awareness and contribute to the necessary attention to the safety
of cereal grain products consumed in Tiirkiye. Results emphasize the
importance of ongoing monitoring, strict regulation, and further
research to understand the potential health effects of long-term exposure
to toxic and radiotoxic heavy metals in food samples. Future studies
should include geographically stratified sampling and multi-replicate
analyses to improve representativeness and precision.
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