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a b s t r a c t

Top soil samples across the state of Kuwait numering ninety were collected and analysed using gamma-
ray spectrometry, to evaluate the elemental concentration of 238U, 232Th and 40K and their depletion/
enrichment. Results of elemental concentration ranges from 0.48 to 2.61 mg/kg, 0.87e5.23 mg/kg, and
0.24e2.23%, with a mean values of 1.39 mg/kg, 3.47 mg/kg, and 1.18%, for the 238U, 232Th and 40K,
respectively. Further analysis was conducted amongst the five identified soil types, i.e. Aquisalids (S1),
Calcigypsids (S2), Petrocalcids (S3), Petrogypsids (S4), and torripsamment (S5). The highest radioactivity
concentrations from both uranium and thorium were recorded in the S2 (Calcigypsids) soil, with a value
of 1.71 (mg/kg) and 4.45 (mg/kg), respectively. Minimum and maximum values of 40K are 1.1(%) and
1.27(%) and is prevalent in Aquisalids (S1) and Petrocalcids (S3) soil types, respectively. Ratios of elemental
concentration for 232Th/238U, 40K/238U, 40K/232Th across the soil types are 2.53, 0.09 and 0.03, with a
correlation coefficient of 0.92, 0.34, and 0.38, respectively. A progressively higher 232Th/238U ratio is
observed moving south-wards, indicating lower 238U content in soils from the south relative to the
northern part. Overall results indicate Kuwait to be relatively an area with low level of natural
radioactivity.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Naturally occurring radioactive materials (NORM) due to pres-
ence of primordial 238U and 232Th and 40K radionuclides in the
environment constitute about 85% of public exposure to terrestrial
gamma radiation (UNSCEAR, 2000). They can be found in sands,
clays, soils and rocks, and many ores and minerals, commodities,
recycled residues, and other appliances used by humans. Although
their distribution is not uniform and depends on lithology and
extent of mineralisation of the formation rocks in a given area, shale
and phosphate rocks have relatively high radiation levels
[14,23,30]. Physical weathering of the bedrock releases 238U, 232Th
and 40K into the surrounding soil, resulting to transmission of the

238U and 232Th daughter nuclides within the soil matrix, whichmay
eventually determine its overall radiological characteristics. In
general, higher radiation levels have been associated with igneous
rocks where as sedimentary rocks have relatively lower levels of
radiation.

The major soil types across the state of Kuwait are shown in
Fig.1, and five of these identified for radiological characterization in
this study are briefly discussed below [3,26]:

Aquisalids (S1): poorly drained, average/very deep, sandy to clay
soils. Within the soil there is a layer of salt accumulation that
usually occurs near the surface.

Calcigypsids (S2): well drained, deep or very deep, sandy to
loamy soils containing a layer of carbonate masses and nodules and
a layer of gypsum crystals within the profile.

Petrocalcids (S3): average/moderately drained, shallow/moder-
ately deep, sandy to loamy soils overlying a calcic hardpan. Trun-
cate soil may appear at the surface.
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Petrogypsids (S4): well drained, shallow/moderately deep, sandy
to loamy soils overlying a gypsic hardpan. Hardpanmay be exposed
at surface when upper soil is truncated.

Torripsamments (S5): average to excessively drained, deep or
very deep sandy soils.

The above soils are distributed differently across the regions.
From Fig. 1, the Torripsamments soil type is seen to trend along the
south-east direction where as the Petrogypsids concentrate in the
north and south-western part of the country. The Aquisalids
dominate at the Boubyan Island at the north-east and the extreme
shore line at the south-east.

The aim of this work is to study the elemental concentration
distribution due to 238U, 232Th and 40K across the coutry in general,
and their levels in the above soil types in particular. The associated
elemental ratios of these radionuclides, i.e. 232Th/238U, 40K/238U and
40K/232Th would also be determined to evalute the extent of their
depletion and/or enrichment in the environment. In natural rock,
232Th is three times abundant as 238U but when this ratio is
disturbed due to metasomatic history or human activities, it in-
dicates either depletion/enrichment of uranium [10,11,30].

1.1. Study area

Kuwait has landmass of 17,820 km2 and lies on the western
shore at the tip of the Arabian Gulf in the northeastern part of the
Arabian Peninsula. It is bordered on the north by Iraq, on the south
by Saudi Arabia and is located between longitude 460 - 480 and
latitude 280 - 310 [24,32]. In general, the top soil is sandy, poor in
organic matter with a poor water retention capacity and the

thickness of its crusts ranges from a few centimetres to 40 cm
[2,26]. According to Ref. [20], the general geology consists of the
following: Active sand sheet, Desert plain deposits, Sabkha de-
posits, Coastal deposits, Marine Sand, Dibdibah formation, Coarse
sandstone, Far and Ghar formations and finally, the Dammam for-
mation (Fig. 1). The topography of Kuwait have the following fea-
tures: a gradual and gentle rise of the ground surface from the
shores of the Arabia Gulf towards the south-western region, with
altitudes ranging from a minimum of 0 feet to a maximum of 900
feet above sea level, from the eastern to the extreme south-western
part of Kuwait, respectively [24]. In the South-eastern part, the
relief is about 100 feet with Wara hill as the most striking, relative
to those at Burgan and Gurain-Madaniyat, which are less than 100
feet. The north and eastern part are covered by parallel gravel-
capped ridges trending nort-east ward and although only a few
feet in altitude, they are a conspicuous feature of this area.

Previous studies [4,7,8] were conducted to determine the
radioactivity concentrations and the associated radiological risk
factors across the state of Kuwait. However, the aim of this paper is
to evaluate the spatial distribution of elemental concentration of
the naturally occurring radioactive materials from the 238U and
232 Th day series, along with the singly occurring 40K, with a view to
study their variation across the major soil types in Kuwait, using
gamma-ray spectroscopy. Further analysis to be carried out on the
elemental ratio of these radionuclides: 238U/232Th, 40K/238U, and
40K/232Th, can be used to determine the extent of enrichment/
depletion processes due to metasomatic activities involving these
radionuclides and soil across the whole country [10].

Fig. 1. Map of Kuwait showing sampling points superimposed on soil types (Omar et al., 2001) across the area of study.
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2. Materials and methods

2.1. Sample collection and preparation

A total of 90 sand and soil samples were collected from various
locations across Kuwait (Fig. 2). The samples were later prepared in
the laboratory by sieving through a 2 mm size mesh to remove any
unwanted foreign materials such as twigs and other vegetative
matters; the grain size was chosen to fill the marinelli beaker to its
maximum volume. This was followed by drying in an oven to
remove the moisture contents in the soil and finally, the samples
were sealed air-tight to avoid escape of radon gas and stored in
Marinelli beakers for a minimum period of 30 days so that radon
(222Rn) can achieve radioactive secular equilibrium with its parent
radium (226Rn) after a proximately 7 half-lives.

Sample analysis was carried out after the parent uranium and
thorium and their respective decay products, i.e. 238U (226Ra, 214Pb,
214Bi) and 232Th (212Pb, 212Bi, 228Ac, 208Ti) achieved a state of secular
equilibrium, which has a theoretical radioactivity ratio of 1.0 for
nuclides belonging to the same natural decay chains. Results from
these samples are shown in Fig. 3; the horizontal bar gives a value
of 1.0, indicating same radioactivity (i.e. secular equilibrium) for
almost all the daughters from both 238U and 232Th series.

2.2. Instrumentation and calibration

Each of the samples were measured using a high-resolution
gamma-ray spectrometry in a low background set-up, which con-
sists of a co-axial and passively shielded Hyper-Pure Germanium
(HPGe) detector as being completed in the previous works [29]. The
operating bias voltage and pulse shaping time were 3000 V and
4 ms, respectively. The system had a Full Width Half Maximum
(FWHM) energy resolutions of 0.78 keV and 1.97 keV at 122 keV
(57Co) and 1332 keV (60Co) lines, respectively. The resultant spectral

data were analysed using Canberra software (Genie, 2000). Energy
and detection efficiency calibration of the measuring system was
done using four standard radioactive sources: 226Ra, 232Th, 152Eu
and NG3 (a source containing 241Am, 226Ra, 57Co, 60Co, 85Sr, 88Y,
109Cd, 137Cs, 138Ce and 203Hg). The full-energy calibration ranges
from 60 keV (due to 241Am and NG3) and up to 2614 keV due to
208Ti(from the 232Th source). These are plotted in Fig. 4(a) and 4(b).
The following polynomial equation [16] was used to fit the effi-
ciency response curve of the HPGe detector by interpolation at any
point within the range of gamma-energies:

εðE; pÞ ¼
h
p1 þ p2lnðEÞ þ p3ln

2ðEÞ þ p4ln
3ðEÞ þ p5ln

5ðEÞ

þ p6ln
7ðEÞ

i.
E (1)

where ε is the absolute photopeak efficiency at energy Ein MeV
while p1, p2,…, p6 are coefficients of the fitting function given by
818.640, 661.325, 191.185, 21.130, 0.125 and - 0.01, respectively.

2.3. Radioactivity determination: 238U, 232Th and 40K

Gamma-ray spectra for each of the 90 samples were acquired for
48 h (2 days), followed by analysis of the background-substracted
spectrum with a view to identify and characterise the gamma-
transitions associated with specific nuclear decays in each of the
samples. The important gamma-ray energies from both the 238U
(226Ra) and 232Th (228Ac) decay chains were used to evaluate their
respective radioactivity concentrations and eventually their
elemental concentrations. The full-energy peak analysis was car-
ried out using the GF3 data analysis package from Radware soft-
ware suite [27].

To ensure accurate measurement of the radioactivity concen-
tration, certain correction factors were considered, those included
are: self-attenuation, coincidence summing, half-life correction,

Fig. 2. Map of Kuwait showing sample collection points in this study.

A.D. Bajoga et al. / Nuclear Engineering and Technology 51 (2019) 1638e16491640



correction due to density difference and geometry. The effect of
density was minimised by using similar geometry for both the
reference source and the measured samples, and the best estimate
of the radioactivity concentration was evaluated using the
weighted mean analysis. It involved the use of independent mea-
surements of the multiple, discrete gamma-ray lines from the same
decay chains thereby ensuring a significant reduction in the sta-
tistical uncertainty of the derived radioactivity concentration,
compared to the use of a single transition [7,8]. Radioactivity con-
centrations obtained for the decay series were used to determine
the weighted mean radioactivity concentration associated with the
decay of 238U and 232Th nuclides.

The specific radioactivity concentrations in all the samples were
calculated using the following relation:

A ¼ Cnet
Ef Pgtsm

(2)

where Cnet is the corrected net peak count, Ef is the efficiency of the
photopeak, Pg is gamma emission probability, ts is live time of the
spectrum collection and m is mass of the sample.

Prior to that, a peak correction on all the samples was carried
out at the 186.21 keV gamma energy due to 226Ra from the 238U
decay chain, with a view to remove the contribution of an inter-
fering peak (185.72 keV) due to 235U. This peak deconvolution gives
an unambiguous result for counts at the 186.21 keV line and thus
numbers for the determination of specific radioactivity of 238U

(226Ra) [12,13,15,19]. The 186.2 keV line arises from a fine structure
alpha decay to the spin/parity 2 þ excited state of 222Rn, which is
then followed by the emission of the characteristics gamma-ray.
The radioactivity analysis assumes gamma-ray emission probabil-
ities of 3.5% and 57.2% for the decay of 226Ra and 235U, respectively.

The main gamma-ray energy transition used for specific radio-
activity determination in all samples are given in Table 1 [34],
where as Fig. 5 shows a typical gamma-spectrum from one of the
measured samples and the identified gamma-ray energy transi-
tions from both the 238U and 232 Th day series and the singly
occurring 40K.

2.4. Evaluation of elemental concentration: 238U, 232Th, 40K

According to Ref. [31], radiation exposures due to gamma-ray
associated with the natural environment are primarily a function
of geological and geographical nature of the area. Consequently, the
radioactivity concentration of the primordial uranium, thorium,
and potassium varies in different soils across the world [30].

The concentration of the above nuclides can be converted into
their elemental concentrations in terms of mg.g�1 or ppm (parts per
million) of 238U and 232Th, and in terms of percent for potassium
according to the following expression:

fe ¼ MEC
lENAfAE

AE (3)

Fig. 3. Measured equilibrium ratio for measured daughter nuclides from the 238U and 232 Th day chains.
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where f e is the elemental concentration of nuclide E in the sample,
ME . lE, fA,E and AE are the atomic masses (in kg.mol�1), the decay
constant (s�1), the isotopic abundance in nature and the measured
specific radioactivity concentration (in Bq/kg), respectively. The
termNA is the Avogadro's number and C is a constant with values of

102 for potassium and 106 and 102 for uranium and thorium,
respectively.

The elemental concentrations of uranium (in ppm), thorium (in
ppm) and potassium (in %) can be calculated from measured
radioactivity concentrations of 238U, 232Th and 40K (in Bq/kg) using

Fig. 4. (a) Energy and (b) Efficiency calibration of the measurement set-up used in this study.

Table 1
Gamma energy transition from the 238U and 232 Th day series and 40K adopted for the sample analysis in this study [34].

238U 232Th

Nuclide Gamma energies (keV) Emission probability (%) Nuclide Gamma energies (keV) Emission probabilities (%)

238Ra 186.21 35.33 212Pb 238.60 43.60
214Pb 295.20 18.23 300.00 3.18

351.90 35.34 208Ac 338.30 11.27
214Bi 609.31 45.16 911.20 25.80

1120.20 14.78 968.90 15.80
1238.10 5.70 208Ti 583.10 30.55
1764.40 15.17 2614.50 35.85
2204.20 4.89 e e

40K: Gamma-energy - 1461.2 keV; Emission probability - 10.66%.
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conversion factors recommended by IAEA TEC DOC no.1363 [17].
These are: 1 ppm U¼ 12.35 Bq/kg of 238U; 1 ppm Th¼ 4.06 Bq/kg of
232Th; and 1% K ¼ 313 Bq/kg of 40K.

3. Results and discussion

3.1. Radioactivity concentration and ratios: 238U, 232Th, 40K,
40K/238U, 40K/232Th

All samples were measured after reaching a state of secular
equilibrium, following, which the radioactivity concentrations of
the primordial 238U, 232Th and 40K were determined. From Table 2,
the minimum and maximum values obtained are 5.91 ± 0.11 Bq/kg
and 31.30 ± 0.28 Bq/kg; 3.53 ± 0.07 Bq/kg and 21.24 ± 0.20 Bq/kg,
with a mean values of 16.99 ± 0.21 Bq/kg and 12.70 ± 0.17 Bq/kg for
the 238U and 232Th nuclides, respectively, in addition 333.20 ± 7.59
Bq/kg for 40K. Also, specific radioactivity ratios for 40K/238U and

40K/232Th is shown in the tablewhile their spatial distribution given
in Fig. 6 and Fig. 7, respectively.

From Figs. 6 and 7, higher radioactivity ratios can be observed
across the southern part, indicating that the concentration of both
238U and 232Th dominates in the north relative to the south. Results
for 40K/238U ratio range from a minimum of (8.68e27.7) Bq/kg in
the north-central and from (27.8e60.3) Bq/kg in the south-east of
the study area. Similarly, values obtained from 40K/232Th for the
north and central part is from (8.7e30.20) Bq/kg while that from
the south-eastern part is from (30.3e60.5) Bq/kg.

3.2. Elemental concentration: 238U, 232Th and 40K

Evaluation of elemental concentrations for 238U, 232Th and 40K
for all the samples was carried out using conversion factors given
by equation (3) previously [17].

The distribution of radioactivity concentration across the north,

Fig. 5. Background subtracted gamma-ray spectrum and its associated energy transitions from the decay of the 238U (226Ra) and 232Th (228Ac) chains in one of the samples (SEP -
Second Escape Peak).

Table 2
Evaluated radioactivity concentrations (238U, 232Th and 40K) and radioactivity ratios (40K/238U and 40K/232Th) showing minimum and maximum values from the current study.

Range Radioactivity concentration (Bq/kg) Radioactivity ratio

238U 232Th 40K 40K/238U 40K/232Th

min 5.91 ± 0.11 3.53 ± 0.07 74.34 ± 2.50 8.69 ± 0.14 8.68 ± 0.10
max 31.30 ± 0.28 21.24 ± 0.20 699.00 ± 15.80 60.52 ± 2.10 60.29 ± 1.92
mean 16.99 ± 0.21 12.70 ± 0.17 333.20 ± 7.59 24.26 ± 0.20 24.52 ± 0.27

A.D. Bajoga et al. / Nuclear Engineering and Technology 51 (2019) 1638e1649 1643



central and southern part of Kuwait are shown in Table 3 and the
minimum tomaximumvalues range from (0.48± 0.01e2.53± 0.02)
mg/kg and (0.87 ± 0.02e5.23 ± 0.05) mg/kg for 238U and 232Th,
respectively. A minimum of 0.24 ± 0.01% to a maximum of
2.23 ± 0.10% is recorded for 40K. Summary of the result for all the
measured samples gives a mean value of 1.39 ± 0.02 mg/kg,
3.47 ± 0.03 mg/kg, and 1.18 ± 0.03% for 238U, 232Th and 40K,
respectively. The results obtained compared to others from across
the world are given in Table 3. Values obtained indicate figures well
below the world average and thus Kuwait can be considered to be

an area with low level of natural radioactivity.
From Table 3, Fig. 8 and Fig. 9, it can be observed that the

northern region has a consistently higher concentration for the
238U and 232Th elements. However, the highest value recorded for
40K at 1.23% is recorded in the southern region, and this may not be
unconnected to the different lithology across the whole of Kuwait,
which is made up of Fars and Ghar geological formation, including
cemented coastal deposit and Aeolian sand [20,24].

In general, the soils in Kuwait are classified into eight distinct
groups/types as shown in Fig. 1 previously. For the purpose of this

Fig. 6. Specific radioactivity ratio for 40K/238U across the state of Kuwait as evaluated in this study.

Fig. 7. Specific radioactivity ratio for 40K/232Th across the state of Kuwait as evaluated in this study.
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work, however, the following types are identified for further
analysis, with a view to study the relative concentration of 238U,
232Th and 40K nuclides amongst them. These are: Aquisalids (S1),
Calcigypsids (S2), Petrocalcids (S3), Petrogypsids (S4), and the Tor-
ripsamments (S5). The number of samples analysed from each soil
type are: S1(7); S2(6); S3(8); S4 (22); S5(25), and these are largely
determined by the number of sample points that fall clearly within
a type of soil. Result obtained for all the samples across these soils is
shown in Table 4 and Fig. 10.

From the table, a maximum elemental concentration of
1.71 ± 0.02 mg/kg and 4.45 ± 0.06 mg/kg from both 238U and 232Th

are observed from the S2-type, where as a highest value of
1.27 ± 0.03% due 40K is recorded from S1 soil type. Also, the mini-
mumvalues for the same nuclidewere observed from the following
soils: 238U:1.12 ± 0.02 mg/kg (S5), 232Th:2.84 ± 0.05 mg/kg (S1) and
40K: 1.10 ± 0.03% (S3).

From Fig. 10, the highest value of elemental concentration for
both uranium and thorium are from S2 (Calcigypsids) soil types,
with a value of 1.71 mg/kg and 4.45 mg/kg, respectively. Minimum
andmaximumvalues due to potassium are 1.1(%) and 1.27(%) and is
obtained from the Aquisalids (S1) and Petrocalcids (S3) soil types,
respectively. The lowest values for 238U and 232Th are from the

Table 3
Range of elemental concentration for 238U, 232Th and 40K for all samples compared with values world-wide.

Elemental concentration

Region Range 238U (mg/kg) 232Th (mg/kg) 40K(%)

aNorth* min. 0.96 ± 0.02 2.26 ± 0.03 0.76 ± 0.02
max. 2.53 ± 0.02 5.23 ± 0.05 2.23 ± 0.05
mean 1.66 ± 0.02 4.06 ± 0.04 1.19 ± 0.03

bCentral** min. 0.87 ± 0.01 1.78 ± 0.03 0.53 ± 0.02
max. 2.61 ± 0.02 5.07 ± 0.04 1.42 ± 0.03
mean 1.44 ± 0.02 3.44 ± 0.05 1.10 ± 0.04

cSouth*** min. 0.48 ± 0.01 0.87 ± 0.02 0.24 ± 0.01
max. 1.88 ± 0.01 4.35 ± 0.06 1.69 ± 0.03
mean 1.06 ± 0.01 2.85 ± 0.03 1.23 ± 0.03

Range - 0.48e2.61 0.87e5.23 0.24e2.23
Total mean (this work) - 1.39 3.47 1.18
World Average [31] - 2.8 7.4 1.30
Spain [21] - 1.6e57.6 3.2e20.9 1.0e2.3
Amman, Jodan [1] - 4.6 7.1 1.7
Italy [9] - 4.6e5.7 18e21 1.9e2.5
Taiwan [35] - 2.4 10.8 1.4
Rajasthan, India [25] - 2.4e6.3 10.6e26.1 0.2e0.5
Istanbul, Turkey [18] - 1.7 9.1 1.1
Cyprus [30] - <1e1.3 <1e9.8 <1e1.9
Nigeria [22] - 1.19e4.19 8.0e24.0 0.38e3.82
Egypt [5] - 0.7e4.5 1.5e8.3 0.1e2.5

abcSee Fig. 2 *34 samples (1e34); **24 samples (35e58); ***31 samples (59e89).

Fig. 8. Distribution of elemental concentration for 238U (mg/kg) across the study area.

A.D. Bajoga et al. / Nuclear Engineering and Technology 51 (2019) 1638e1649 1645



Torripsamments (S5) and Aquisalids (S1) at a value of 1.12 mg/kg
and 2.84 mg/kg, respectively. This can be observed from Fig. 1 along
with Figs. 9 and 10.

3.3. Elemental concentration ratios: 232Th/238U, 40K/238U, 40K/232Th

A spatial distribution of elemental ratios for 232Th/238U as
evaluated from this study is given in Fig. 11. A higher value for this
ratio can be observed across the southern part of the country, and in

Fig. 9. Distribution of elemental concentration for 232Th (mg/kg) across the study area.

Table 4
Mean elemental concentration across the soil types as measured in this study.

Soil code/Type 238U (mg/kg) 232Th (mg/kg) 40K(%)

S1 (Aquisalids) 1.29 ± 0.01 2.84 ± 0.05 1.27 ± 0.03
S2 (Calcigypsids) 1.71 ± 0.02 4.45 ± 0.06 1.17 ± 0.02
S3 (Petrocalcids) 1.29 ± 0.02 3.12 ± 0.04 1.10 ± 0.03
S4 (Petrogypsids) 1.59 ± 0.02 3.84 ± 0.04 1.13 ± 0.02
S5 (Torripsamments) 1.12 ± 0.02 3.07 ± 0.04 1.21 ± 0.03

mean 1.40 ± 0.02 3.46 ± 0.05 1.18 ± 0.03

Fig. 10. Mean elemental concentration from 238U, 232Th and 40K as evaluated across the five selected soil types.(note: S1 - aquisalids; S2 - calcigypsids; S3 - petrocalcids; S4 - pet-
rogypsids; S5 - torripsamments).
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particular, the south-eastern part, dominated by the Torripsaments
soil type (see Fig. 1). This may be due to depletion of 238U in that
area relative to values obtained in the remaining part of the
country.

A plot of elemental ratio for 238U and 238Th amongst the five soil
types (S1 e S5) identified in this work is given by Fig. 12, which
gives a positive correlation with a coefficient of 0.92, indicating
same source for separate soil types for both the 238U and 238Th
radionuclides [36]. The expected literature ratio for the 232Th/238U
in a normal continental crust is 3.0 [33] and the figure obtained in
the present work is 2.53 ± 0.04, which is close to the theoretical
reported value. A relatively higher values ranging from 2.85 to
3.61 at the south-eastern part of Kuwait (dominated by the Tor-
ripsaments soil type) can be observed from Fig. 11 along with Fig. 1.

In general, these values show no significant fractionation between
238U and 232Th, which could have occurred due to physical
weathering and/or metasomatic activities/processes involving both
nuclides/elements.

Fig. 13 and Fig. 14 below show a correlation plots for 40K/238U
and 40K/232Th for the five soil samples. Results obtained give a
correlation coefficients of 0.34 and 0.38, with a corresponding
elemental ratios of 0.09 and 0.03 for the figures, respectively, and
these can vary largely [28].

One of the aims of this study is to correlate these concentrations
amongst the five soil types (S1, S2, S3, S4, S5) in the whole country
as shown in Figs.12, Figs.13 and 14. However, from Figs.13 and 14, a
positive sub-correlation is observed amongst the soil types,

Fig. 11. Ratio of elemental concentration for 232Th/238U and their distribution across the study area.

Fig. 12. Elemental concentration ratio for 232Th and 238U amongst the soil types
analysed in the study area. (S1 - aquisalids; S2 - calcigypsids; S3 - petrocalcids; S4 -
petrogypsids; S5 - torripsamments).

Fig. 13. Elemental concentration ratio for 40K and 238U amongst the soil types analysed
in the study. area (S1 - aquisalids; S2 - calcigypsids; S3 - petrocalcids; S4 - petrogypsids; S5
- torripsamments).
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namely: between (S5 and S1) and between (S3, S4 and S2). Both
cases may be explained in terms of possible higher potassium
content of the Aquisalids (S1) and torripsamments (S5), relative to
Calcigypsids (S2), Petrocalcids (S3) and petrogypsids (S4). It may
also indicate different sources of these radionuclides for the (S1/S5)
and (S3/S4/S2) sub-groups, in addition to different enrichment/
depletion processes in the environment. However, detailed inves-
tigation and further analysis are needed to ascertain this, taking
into account factors associated with the primordial radionuclides
themselves and the particular environment.

4. Conclusion

Ninety soil samples across the state of Kuwait were studied for
presence of 238U, 232Th and 40K radionuclides using gamma-ray
spectrometry. Results from the analysis give a mean specific
radioactivity concentration of 16.99 ± 0.21 Bq/kg for 238U,
12.70 ± 0.17 Bq/kg for 232Th, and 333.20 ± 7.59 Bq/kg for 40K. The
elemental concentrations derived from these results for the whole
area range from (0.48e2.61) mg/kg, (0.87e5.23) mg/kg, and
(0.24e2.23)%, with a mean values of 1.39 mg/kg, 3.47 mg/kg, and
1.18%, for 238U, 232Th and 40K, respectively. Specific soil-based
analysis among the identified soils in this work indicates highest
concentration due to both 238U and 232Th are from the Calcigypsids
(S2) soil at 1.71 mg/kg and 4.45 mg/kg, respectively. A minimum
(1.1%) and maximum (1.27%) values due to 40K were obtained from
the Aquisalids (S1) and Petrocalcids (S3) soil types, respectively.
Ratios of elemental concentration from these nuclides across the
five soil types are 2.53 (232Th/238U), 0.09 (40K/238U), and (0.03)
40K/232Th, with a correlation coefficient of 0.92 for 232Th/238U, 0.34
for 40K/238U, and 0.38 for 40K/232Th. A progressively higher
232Th/238U nuclide ratio is observed moving south-wards, indi-
cating lower a 238U content in soils in the south relative to the
northern part. The overall result shows Kuwait to be an area with
low level of natural radioactivity.
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