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Abstract

The study evaluated the presence of anthropogenic and natural radionuclides in wheat samples close to nuclear facilities of
Dera Ghazi Khan by using gamma ray spectrometry. The average activity concentrations of 2°Ra, 232Th, and *°K found to
be 1.60, 2.41 and 108.22 Bg/kg, respectively. The estimated average values for the internal hazard index, radium equivalent,
radiological doses and cancer risk factor were found to be within acceptable ranges. The study discovered no substantial

health concerns from consuming edible grains because their concentrations were within the permissible limits established
by UNSCEAR.
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Introduction

Naturally occurring radionuclides (NORMs) are found in
all parts of the environment, including humans, air, water,
soil and food. Vegetation absorbs radionuclides through
foliar absorption, soil-to-plant transfer via root systems or
external plant surfaces. In the biosphere, soil functions as
a naturally occurring buffer system, regulating chemicals
and other substances [1]. Plants may absorb both nutri-
ents and dangerous substances, such as radionuclides,
which may then accumulate in the food chain [2]. Many
factors, such as soil properties, plant maturity, chelating
ions, regulated influx across plasma membranes, bind-
ing ions to cell walls, and selective absorption by plants,
impact the mobility of bioavailable radionuclides from
rhizospheric soil to plants [3].

As per the international network of food safety authori-
ties (INFOSAN) the plants are often used as food con-
taining 2*Th, “°K and ?**U and their progeny [4]. These
long-lived, naturally occurring radionuclides may enter
plants by mineral absorption and accumulate in different
parts of the plant even into edible parts. Consuming these
plants and their parts would expose humans to constant
radiation exposure. Food from unpolluted surroundings
makes a considerable contribution to the average radia-
tion doses absorbed by various organs. Consuming con-
taminated food, whether as a result of nuclear accidents
or accidental atmospheric emissions, is a major cause of
long-term health risks [5, 6]. According to the United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), the radionuclides in the naturally
occurring 2*’Th and 2*®U decay series equate to internal
radiation exposure/doses by 30-60% [7]. The International
Agency for Research on Cancer (IARC) has classified all
kinds of ionizing radiation as carcinogenic to humans [8].
Because radionuclides have a long half-life, even a minor
concentration can influence the environment for a long
time. The extended exposure of these radionuclides can
cause nausea, vomiting, and headaches, fatigue, fever,
weakness, dizziness, low blood pressure, hair loss, diar-
rhea, disorientation, blood in the stool, mental disability,
underdeveloped eyes and smaller head or brain [7, 9-11].
Additionally, long-term exposure to radionuclides has
been linked to increased risk for leukemia, leucopenia,
renal damage, and genetic damage [12-14].

The implications of consuming radioactively contami-
nated food, particularly after Chernobyl in 1986, force
many countries to implement food control and monitor-
ing measures. The extensive presence of radionuclides
in a variety of food products has been demonstrated by
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recent studies [15-20] underscoring the urgent need for
additional research on the effects of radionuclides on a
variety of food products. The current study area is near
a nuclear power station and a radioactive waste disposal
facility, both of which have the potential to pose health
risks to the local population. This emphasizes the impor-
tant necessity for studying radioactive contamination in
staple foods. Furthermore, previous research has primarily
focused on determining radiation levels in the soil [21]
and air [22] in areas adjacent to the current study sites.
However, there are still no studies that assess the radiation
levels of the wheat crop. This research gap must be filled
and that’s why the current study was designed to inves-
tigate the levels of the natural and artificial radionuclide
concentrations in the wheat samples, assess the associated
radiological doses and lifetime cancer risk factors. The
findings of this study will help researchers, public health
specialists and policymakers to establish evidence-based
initiatives that prioritize the safety and well-being of these
vulnerable populations. The results of the study can enrich
the baseline radiometric data that is crucial for future epi-
demiological investigations and community-based moni-
toring initiatives.

Material and methods
Study area description

Dera Ghazi Khan, also referred to D.G. Khan, is situated in
Southern Punjab at an elevation of 415 feet on the west bank
of the Indus River with coordinates 70°380 E longitude and
30°1030 N latitude [23]. Geologically, the area features a
westward-extending stretch of flat alluvium originating from
the Indus River and its tributaries which spans the lower
hills [24]. Notably, the area is well known for its distinctive
geological settings and abundant mineral reserves. The pri-
mary mineral deposits that have been mined for a long time
include coal, phosphate rock, common shale, gypsum, iron,
silica, silt, and limestone (marble) [21]. Despite a decade-
long hiatus in radioactive material extraction, the area's min-
eral resources continue to be extracted mainly by open-pit
excavation methods. Without any in-situ treatment or benefi-
ciation, these materials are transferred to industrial facilities
or separation plants. Moreover, the presence of radioactive
waste dumping sites and legacy uranium mines in D. G.
Khan has raised serious concerns due to their proximity to
populated areas and potential environmental impact.
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Fig. 1 Map of the current study area, Dera Ghazi Khan

Samples collection and preparation

A total of 15 wheat samples were obtained from loca-
tions near to the mining centers and nuclear facilities. The
global positioning system (GPS) was used to determine the
site coordinates and future traceability of sampling loca-
tions (Fig. 1). Sampling points were selected on the basis
of accessibility, population density, and wheat availability.
Each sample, approximately 2.5 kg, was appropriately pre-
served in polyethylene bags and tagged for future traceabil-
ity, following Salih [25]. To make a representative sample
from each location, six spots (each measuring 2 X2 m) were
chosen from each wheat plantation field [26]. To remove
dust particles samples were washed with distilled water and
weighed. To eliminate organic material, the samples were
first allowed to air dry for one to two weeks, followed by a
24-h oven drying process at 105 °C and a 48-h ashing in an
electric furnace. The ashed wheat samples were weighed,
homogenized and packed into cylindrical containers to
detect the concentration of gamma emitting radionuclides.

Instrumentation and calibration

To measure the radioactivity concentrations of the samples
a high-resolution coaxial high-purity germanium detector
(HPGe) type GC 3020, which has a resolution (FWHM) of
2.0 keV at 1332 keV and a relative efficiency of 30% was

used. To minimize the background interference, a cylindri-
cal lead shield (10 cm thick) with a fixed bottom and mov-
able lid was used. The inside lining of the lead shield was
made of 3 mm thick copper and 4 mm thick tin to absorb
both standard X-rays and any additional photons that may
have been generated in the lead. Notably a 100-year-old
lead was used to reduce the background radiation, as
its activity is significantly lower than the contemporary
lead. Using the same technique and configuration as the
samples, the background radiation distribution near the
detector was determined by measuring an empty sealed
beaker. The background measurement time was 65000 s.
The background spectra were used to adjust the detected
isotope of gamma rays. A dedicated software Genie
2000 version 2.1 (Canberra, USA) was used for spec-
trum acquisition and analysis. A certified multi-gamma
source comprising the radionuclides 19¢d, 2! Am, *"Co,
139Ce, 137Cs, 90Co, #Sr, 1138n, 203Hg and %%Y were used to
calibrate the detector's efficiency. Sample geometry was
maintained in accordance with the calibration source's
geometry. The IAEA standard reference materials IJAEA-
375, IAEA-327, RGK-1, and TAEA-373- were used to
verify the quality control of the efficiency calibration.
control. The activity concentrations of >*>Th and ?*°Ra
were calculated using the photo-peaks of their daughter
nuclei (***Ac, 911 keV; 2"Bi, 609 keV and *'*Pb, 351
keV), whereas the activity of *°K and '*’Cs was calculated
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using the photo-peaks at 662 keV and 1460.8 keV. The
uncertainties of the measured values were calculated for
quality control and quality assurance. Minimum Detect-
able Activity (MDA) is the minimum concentration of a
radionuclide that can be measured with 95% confidence
interval and it was 0.96, 0.62, 1.74 and 0.37 for ***Ra,
232Th, 49K and '*’Cs respectively. The MDA values and
activity of radionuclides in the sample were measured by
following formulas [21, 30].

4.66+/Contimumcounts — Backgroundcounts
TXexYXxXV

MDA =

Results and discussion
Radiation levels in wheat samples

The activity concentrations of 226Ra, 32Th, and “°K ranged
from <MDA t0 2.08 £0.75,0.72 + 1.81 to 3.55 +2.02 and
70.55+14.80 to 213.94 +15.62 Bg/kg, with mean values
of 1.60, 2.41 and 108.22 Bq/kg, respectively (Table 1).
Samples W15, W4, and W8 exhibited the highest values
for 22°Ra, 23>Th, and *°K, whereas samples W12, W8,
and W7 demonstrated the lowest activities. Notably, all
wheat samples exhibited activity concentrations below the
world's average reference limits of 35, 30, and 400 Bqg/

(NetPeakCountsforsamples — Backgroundcounts)

Bq
<Sample> " (Countingtime X Detectionefficency X emissionprobablityofX - ray

Statistical analysis

The radioactive content of the wheat samples was meas-
ured by using descriptive statistics. The correlations between
radionuclides and other variables were determined using
correlation analysis. Box plots were employed to illustrate
the data's variability and appropriate graphics were used to
portray the results of Principal Component Analysis (PCA),
which decreased the dimensionality of the data and revealed
underlying patterns. R Console 4.3.2 was used for statistical
analysis.

kg, for 22°Ra, 2*’Th, and *°K respectively [7]. Addition-
ally, 137Cs levels were investigated for all samples. As a
long-lived anthropogenic radionuclide, *’Cs poses poten-
tial long-term external gamma exposure risks and has the
potential to contaminate food chain due to its high mobility
[27]. However, '*’Cs concentrations were determined to be
below the minimum detectable activity (< MDA), indicat-
ing insignificant contamination. Nonetheless, continuous
monitoring is necessary to ensure the ongoing safety and
quality of agricultural products in the study area. The non-
detection of '*’Cs in food samples may be attributed to
improved agricultural methods and countermeasures that
minimize plant uptake of radio-cesium. These results indi-
cate moderate variability for 226Ra and #3°Th, while *°K
shows significant variation. This discrepancy is most likely

o i Saecte A G

40K and ¥7Cs Bq/kg) detected W1 1.15+0.82

in wheat samples w2 1270.80
W3 0.98+0.92
W4 1.62+0.84
W5 2.48+0.80
W6 1.87+0.77
W7 2.12+0.76
W38 1.61+0.77
W9 1.23+0.78
W10 1.34+0.76
Wil 2.26+0.76
wi2 <MDA
W13 1.63+0.78
W14 1.90+0.78
W15 2.08+0.75

UNSCEAR 35

A 2Th (Bg/kg) A K (Bg/kg) A "¥Cs (Bg/kg)
3.08+1.97 107.34+16.23 <MDA
2.26+1.92 104.91+15.86 <MDA
2.18+2.21 86.69+18.18 <MDA
3.55+2.02 109.88 +16.61 <MDA
2.21+1.87 73.28 +15.37 <MDA
321+1.82 70.93 +14.88 <MDA
2.13+1.80 70.55+14.80 <MDA
0.72+1.81 213.94+15.62 <MDA
2.93+1.87 116.61 +15.49 <MDA
1.79+1.82 71.31+14.96 <MDA
3.19+1.81 127.00+15.07 <MDA
1.94+1.97 123.39+16.40 <MDA
3.26+1.85 158.59+15.53 <MDA
1.81+1.84 86.50+15.19 <MDA
3.12+1.78 110.53 + 14.69 <MDA
30 400 -
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caused by agricultural techniques including potassium fer-
tilizers and several environmental conditions that affect
40K absorption from soil to plants. Furthermore, compared
to “°K, the larger atomic weights of 2°Ra and 2**Th cause
decreased absorption rates in wheat grain. The findings of
current study are consistent with previous global research
[15-20].

Radiological risk assessment

Radium equivalent (Ra,;)

The Radium equivalent is a single index that indicates the
total radiological effects of 22® Ra, 2*?Th, and *°K in a par-
ticular environmental media. This standardization makes it
easier to understand the entire gamma radiation risk posed
by a specific product and helps to determine whether a sub-
stance complies with safety standards and regulations. Ra,,
was determined by the following formulae.

Ra,, (Bq/kg) = Ag, + 1.43Ag, +0.077A¢ (1

In this equation Ag,, Ay, and Ag are the specific activ-
ity concentrations of >?°Ra, 2**Th and “’K respectively. For
public, maximum permissible limit of radium equivalent is
370 Bg/kg [28]. Ra,, values range from 19.11 to 9.39 Bg/kg,
with an average of 13.57 Bg/kg (see Table 2) which is below

Table 2 Radiological health burden and associated doses with wheat
consumption

Sample code  RaEq (Bq/kg) Hin  Dair AEDE AGDE
S1 13.83 0.04 5015 2549 5.20
S2 12.58 0.04 4631 25.01 5.10
S3 10.77 0.03 3935 20.60 4.20
S4 15.16 005 5436 27.21 5.55
S5 11.28 0.04 3991 21.27 4.34
S6 11.92 0.04 4145 19.69 4.01
S7 10.60 0.03 37.61 19.88 4.05
S8 19.11 0.06 75.14 47.62 9.71
S9 14.40 0.04 52,67 2752 5.61
S10 9.39 0.03 34.03 18.16 3.70
S11 16.60 0.05 60.18 32.04 6.53
S12 13.14 0.04 4953 27.79 5.66
S13 18.50 0.05 6845 37.10 7.56
S14 11.15 0.04 40.60 22.53 4.59
S15 15.06 0.05 5419 2825 5.76
Maximum 9.39 0.03 34.03 18.16 3.70
Minimum 19.11 0.06 7514 47.62 9.71
Mean 13.57 0.04 4960 26.68 5.44

the recommended level of 370 Bq/kg set by the Organiza-
tion for Economic Cooperation and Development (OECD)
[29]. Because any substance can be classified as radiotoxic
if its Ra,, value exceeds 370 Bg/kg, which corresponds to
an average annual dose of 1.05 mSv [7].

Internal hazard index

The internal hazard index (H;,) is a measure for evaluating
the radiation risk posed by naturally occurring radionuclides.
The H;, refers to radon and its toxic progenies that can enter
the body via inhalation or ingestion. This is explained by the
following equation:

. Ara | Am | Ag
For insignificant radiation hazards H;, should be less
than unity [30, 31]. In the current study H;, lacks a speci-
fied range but maintains an average value of 0.04 (Table 2)
which is less than unity, indicating that the sampled media
has a comparatively low degree of internal radiation risk.

Absorbed dose rate (D)

Absorbed dose rate in air is calculated by using specific
activity concentrations of 40K 232Th and *?°Ra in wheat
samples. Mathematically it can be described as:

D (nGy/h) = (0.4624Ag, + 0.6044A, + 0.0417A¢) (3)

where D is absorbed dose rate in air and Ag,, Aq, and Ag
are specific activity concentrations of ?°Ra, 2*Th and *°K
respectively [32]. The D,;, values ranged from 34.03 to
75.14 pSv/y with an average value 49.60 pSv/y (Table 2)
which completely adheres to the safety standard described
by UNSCEAR [7].

Annual effective dose equivalent (AEDE)

Using the absorbed dose rate, the annual effective dose
equivalent was calculated. UNSCEAR recommended using
an occupancy of 0.8 (19/24) and a dose conversion factor
of 0.7 SvG/y [7]. Consequently, the annual effective dose
equivalent (uSv/y) was computed using following formula:

(1).

AEDE (Sv/h) = D (nGy/h) x 8760h X 0.8 x 0.7SvG/y x 107*
“

The AEDE ranged from 18.16 to 47.62 pSv/y with an
average value of 26.68 pSv/y (Table 2). These findings
demonstrate that the effective dose equivalent values of the
examined wheat samples are less than the world average
value of 450 pSv/y [7]. This implies that the wheat samples
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Table 3 Annual Radiation doses

Ovaries Bone Marrow Testes

Whole Body Kidney Liver ELCR (107

o Sample ED Lungs

(uSv/y) and excess lifetime

cancer risk in adult members of Wi 199.67 102.23 92.65

S:;:l?;gg;éia following wheat g 17180 8796 79.72
W3 151.54 77.59 70.32
W4 219.89 112.58 102.03
W5 15037 76.99 69.78
W6 176.61 9043 81.95
W7 143.10 7327 66.40
W8 21891 112.08 101.57
W9 203.31 104.10 94.34
W10 128.03 65.56 59.41
Wil 227.18 116.32 105.41
W12 17496 89.58 81.18
W13 252.87 12947 117.33
W14 14536 7442 6745
W15 209.63 107.33 97.27
MIN 128.04 32.54 29.49
MAX 25288 8534 77.34
MEAN 184.89 47.80 43.32

110.22 130.99 108.62 99.04 7348 89.20
94.83 112.70  93.46 8521 6322 8752
83.65 99.41 82.44 75.17 5577 72.09

121.38 144.25 119.62 109.07 80.92 95.23
83.01 98.65 81.81 7459 5534 7444
97.49 115.86  96.08 87.60 65.00 68.93
78.99 93.88 77.85 7098 52.66 69.56

120.84 143.61 119.09 108.58 80.56 166.68

112.23 133.38 110.60 100.85 74.82 96.31
70.68 83.99  69.65 63.51 47.12 63.56

125.40 149.03 123.59 112.68 83.60 112.13
96.58 11478 95.18 86.78 64.39 97.25

139.59 165.89 137.56 125.43 93.06 129.83
80.24 9536 79.08 72.10 5349 78.87

115.72 137.52 114.04 103.98 77.15 98.87
35.08 41.69 3457 31.52 2339 63.56
92.01 109.34  90.68 82.67 61.34 166.68
51.54 61.25 50.79 46.31 3436 93.37

comply with the global documented reference levels for
AEDE, demonstrating their radiological safety.

5Annual gonadal dose equivalent (AGDE)

Gonads play an important part in dosimetry, and ICRP
assigns them a weighted value of 0.2 [33]. This higher
weighting factor reflects the gonads' susceptibility to
radiation and associated risk of mutagenesis. Conse-
quently, the AGDEs arising from the specific activity of
226Ra, 3>Th, and *°K were calculated using the following
formula [34].

AGDE <m—SV> —3.09ARa +4.18 ATh+0314 A K

y
®)
The average values of AGDE were found to be 5.44
pSv/y and ranged from 5.73 to 12.38 pSv/y (see Table 2)
which is below the worldwide average reference value of
300 pSv/y [7].

Annual effective dose
The annual effective dose (ED) that a person would

receive via wheat consumption is calculated by follow-
ing formula.

ED=ArxI,,XE 6)

@ Springer

where as Ac is the activity concentration of radionuclides
in wheat, E is the dose conversion factor, ED is the annual
effective dose, and I,, is the annual wheat intake for adults
[35]. According to UNSCEAR the average adult in Pakistan
consumes roughly 140 kg of wheat flour yearly [7, 36]. The
annual effective dosage ranged between 128.04 and 252.88
uSv/y, with an average of 184.89 uSv/y (Table 3). These
findings indicated that these wheat samples do not pose any
substantial health risks in the targeted communities.

Organs/tissues specific effective dose rate

The annual effective dose can be used to determine
the amount of radiation levels that enter and accumulate in
the various sensitive organs and tissues. The effective dose
rate deliverd to a certain organ was determined by using the
following equation:

SV
Dorgan<m7> =OXEDXF @)

The ED is an annual effective dose, O is the occupancy
factor, which has a value of 0.8, and F is the conversion fac-
tor, which represents the organ dose from food consumption.
The dedicated conversion factors for specific organs were
used to calculate the effective dose rate for different organs
and tissues as described by ICRP [37]. The correspond-
ing conversion factors for the lungs, ovaries, bone marrow,
testes, whole body, kidney, and liver are 0.64, 0.58, 0.69,
0.82, 0.68, and 0.46 for dosage assessment. The average
annual radiation doses measured for various organs were
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as follows: the ovaries received 85.79 pSv/y, ranging from
59.41 to 117.33 pSv/y; the lungs averaged 94.66uSv/y, with
a range of 65.56—129.47 pSv/y; bone marrow doses were
102.06 pSvly, ranged from 70.68 to 139.59 pSv/y; and the
testes recorded the highest average dose at 121.29 pSvly,
within a range of 83.99-165.89 pSv/y. The whole-body
average dose was calculated at 100.58 pSv/y, ranging from
69.65 to 137.56 pSv/y. Additionally, the kidneys received an
average dose of 91.70 pSv/y, with a range of 63.51-125.43
uSv/y, while the liver had the lowest average dose at 68.04
pSv/y, ranging from 47.12 to 93.06 pSv/y (Table 3).Thus,
most organs show safe exposure levels, however increased
exposure to the testes results in decreasing resilience to
radiation, but the liver showed extraordinary resilience to
radiation dose. Organ-specific doses have been found to be
safe since the cumulative dosages are lower than those that
induce deterministic effects such as acute tissue damage,
as well as the danger of long-term stochastic consequences
such as cancer.

Excess lifetime cancer risk

The increased cancer risk per unit dose was calculated by
analyzing the link between radiation dose and cancer inci-
dence rates between those exposed to varying radiation

Fig.2 Correlation coefficients
among radiological measures

RA.226
TH.232

K.40

Raeq

Hin

AGDE

AED

Dair

ELCR

ED

LUNGS
OVARIES
BONE.MARROW
TESTIES
WHOLE.BODY
KIDNEY

LIVER

o o o o o o o o| o o o o D o|@E D.RA226

EEDE o @M@ [ZI.TH.232

levels and those with similar characteristics but not exposed
to radiation. The following formula was used to get the
ELCR [38]:

ELCR = AEDR X DL x RF )

where AEDR is the annual effective dose rate, RF is the risk
factor, and DL is the life expectancy (70 years). The interna-
tional commission on radiological protection states that 0.05
is the generally accepted RF value for the public [39]. With a
range of 63.56-166.68 (see Table 3), the average ELCR for
the wheat samples was around 93.37, which is less than the
global average documented reference value [7]. The lower
ELCR demonstrates the efficacy of current nuclear safety
procedures, legal frameworks, and agricultural practices.

Correlation

The study examined relationships between radionuclides
(*RA, #2Th, and *°K) and their associated health risks
by using Pearson correlation analysis (Fig. 2). The results
showed that “°K had the most important and largest influ-
ence on radiological doses and health hazards, as dem-
onstrated by the strong positive correlation coefficients
(r=0.9, p<0.001). While correlations with AGDE, AED,

D,;. ELCR, and organ-specific dosages were either close to
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zero or negative, while >*Th had statistically insignificant
positive correlation with Ra., and Hj,. Overall, 40K played
a crucial role in radiological doses and health risks. **3

Box and whisker plot

Radionuclide concentrations and risk assessment are plot-
ted alongside wheat samples from fifteen localities. 22°RA
and 2*’Th have low median values and little variance, but
40K shows a larger median and wider interquartile ranges
(IQR), indicating significant variability (Fig. 3). Both H;,
and Ra,, have low medians and narrow IQRs, indicating
moderate variability. The analysis reveals that AGDE has a
low median and narrow IQR for health risk and dose met-
rics, but AED, D,;,, and ELCR have higher medians and
narrower IQRs. The analysis reveals consistent exposure lev-
els across organ-specific doses for the ovaries, lungs, testes,
bone marrow, kidney, whole body, and liver, with low to
moderate medians and narrow IQRs.

Principal component analysis

Principal component analysis (PCA) is a powerful statistical
technique for reducing the dimensionality of a large data set
while retaining much of the variation [40]. To give a sum-
mary of the PCA results, the eigenvalues and loadings for
the first three principal components (PC1, PC2, and PC3) are
presented in Table 4. Factors such as 40K ELCR, and ED
influence the PC1 component, accounting for 90.69% of the
variance in the dataset (Fig. 4). PCl1 is positively impacted
by these parameters, suggesting that it is a good indicator of
risk-related metrics and overall radiation exposure. It shows

Table4 PCA variables

Variables PC1 PC2 PC3
RA.226 —0.00031 —0.00384 —0.11486
TH.232 —0.00028 —-0.036 0.004677
K.40 0.548419 0.358319 0.749872
Raeq 0.04152 —0.02773 —0.05043
Hin 0.000111 —8.5E-05 —0.00045
AGDE 0.170082 —0.04983 —0.09991
AED 0.111392 0.053931 —0.10554
Dair 0.022707 0.010994 —0.02151
ELCR 0.389874 0.188758 —0.36938
ED 0.465186 —0.87238 0.077863
Lungs 0.199615 0.096644 —0.18912
Ovaries 0.180901 0.087584 —0.17139
Bone Marrow  0.21521 0.104195 —0.2039
Testies 0.255757 0.123825 —0.24231
Whole Body 0.212091 0.102685 —0.20094
Kidney 0.193377 0.093624 —0.18321
Liver 0.143473 0.069463 —0.13593

that higher scores are associated with higher radiation expo-
sure and greater health risks in the population. PC2 shows
high positive loadings for radiation doses to the ovaries,
lungs, and testicles, accounting for 8.97% of the variance.
There are negative loadings for both the effective doses and
the whole-body doses. PC2 emphasizes the differences in
radiation dose to different organs and emphasizes that the
exposure to each organ is specific. PC3 explains 0.33% of
the variance, suggesting that the kidney and liver have a
greater influence on this component than the annual effective

100
1

—

T T T T T T T T
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Fig.3 Box plots of radiological concentrations and associated risks

@ Springer

T

ELCR ED

LUNGS OVARIE! TESTIES  wxoLe KIDNEY

BODY

BONE LIVER

MARROW



Journal of Radioanalytical and Nuclear Chemistry (2025) 334:1497-1507

1505

PCA Wheat Samples

1 W10
W14
= W12
o
e
o
O W ws
g W5 W2
©
]
o
5
» 0
W
wi
T W15
W6
1

W4

W8

W11
W13

-1 0

1
standardizedPC1 (90.7%)

Fig.4 Visual representation of principal component analysis of radiological health risks and doses of the wheat samples

dosage and bone marrow dose, which have large negative
loadings. However, the kidney and liver doses have positive
loadings. Information on variations in radiation exposure
patterns across several organs is provided by PC3.

Conclusions

To the best of our knowledge, this is the first study to eval-
uate the radionuclide concentrations in wheat samples and
associated radiological health risks in Dera Ghazi Khan.
The results demonstrated that average concentrations of
the naturally occurring radionuclides (**Ra, 23>Th, and
40K) in the wheat samples were found to be lower than
the average global reference values. Moreover, radiologi-
cal hazard indices, like Raeq, H;,, ELCR and radiologi-
cal doses are found to be within internationally accepted
safety limits, implying that wheat consumption from these
areas is radiologically safe. Therefore, it is concluded that
nuclear facilities in the region are not contributing sig-
nificantly to radiological contamination in wheat crops.

However, continuous monitoring is recommended to
ensure that these safe level are maintained especially as
environmental and agricultural conditions evolve. Moreo-
ver, additional research is also recommended to investigate
other food crops and environmental matrices to provide
a more comprehensive risk assessment for the area. This
approach will help to ensure safe food production and con-
sumption in the long term.
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