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Abstract 
Radium isotopes, particularly 226Ra and 228Ra, pose environmental concerns 
due to their long half-lives (1600 years and 6 years, respectively) and their per-
sistence in soils and sediments, especially in regions affected by coal combus-
tion and uranium mining. This study introduces a novel deconvolution method 
using ultra-low-background gamma spectrometry to directly quantify 224Ra 
(240.99 keV) and 226Ra (186.21 keV) in soil and sediment samples, effectively 
correcting for spectral interferences from 214Pb (241.99 keV) and 235U (185.71 
keV). By measuring multiple gamma lines of 235U (143.76, 163.33, 205.31 keV), 
the method enables precise interference correction. Samples collected from 
Lake Ontario sediments (2018-2023) and certified reference materials (IAEA-
312, IAEA-385, IAEA-412, IAEA-447, and an IAEA 2006 proficiency testing 
(PT) soil sample) underwent gamma counting for up to 240,000 s. Results 
showed 224Ra activities in sediments ranging from 23.1 - 23.8 Bq·kg−1 (mean 
23.5 ± 0.2), closely matching 228Ra levels, indicating secular equilibrium. Cor-
rected 226Ra activities (22.6 - 24.6 Bq·kg−1; mean 24.2 ± 0.9) aligned well with 
radon progeny 214Pb and 214Bi measurements. CRM analyses confirmed method 
accuracy: 226Ra in IAEA-312 was 296 ± 28 Bq·kg−1 (certified 250 - 287 Bq·kg−1), 
while other radionuclides (40K, 137Cs, 241Am, 234Th, 234mPa, 235U, and 210Pb) meas-
ured in samples and CRMs showed strong agreement with certified values. This 
validated deconvolution approach provides a reliable and time-efficient alter-
native for direct radium isotope quantification in environmental matrices, 
thereby enhancing the capability for monitoring both natural and anthropo-
genic radionuclide distributions. 
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1. Introduction 

Radium is a naturally occurring silvery-white radioactive metal (atomic number 
88) that forms from the radioactive decay of uranium and thorium. It exists in 
several isotopes: 226Ra, 228Ra, 224Ra, and 223Ra. 226Ra and 228Ra are the isotopes of 
primary environmental concern due to their long half-lives, which promote sig-
nificant environmental accumulation. The half-life of 226Ra is about 1600 years, 
while that of 228Ra is approximately 6 years. 226Ra is part of the 238U decay series 
and decays to 222Rn through alpha particle emission (Figure 1). Both 226Ra and 
228Ra can be found in soil and rocks within the Earth’s crust. The reported mean 
concentration of 226Ra in 356 surface soil samples collected from 33 states was 41 
Bq·kg−1 (Myrick et al., 1981), which is quite like the 48 Bq·kg−1 of 226Ra found in 
typical igneous rock (Eisenbud & Gessell, 1997). 226Ra concentrations vary by rock 
type: Sandstone averages 26 Bq·kg−1, Limestone averages 16 Bq·kg−1, and Shale av-
erages 41 Bq·kg−1. Coal burning, uranium mining, and milling operations have led 
to elevated levels of radium in the soil. Kalin (1988), Landa (1984), and Tracy et 
al. (1983) reported that the concentration of 226Ra in soils contaminated by mining 
and milling activities ranged from 37 Bq·kg−1 to 137 Bq·kg−1. Uranium present in 
the Earth’s crust serves as an indicator of radium levels. National radioactivity 
surveys indicate that elevated radium levels in soil are expected in the western 
third of the continental United States, including large areas of California and 
Idaho (ATSDR, 1990). Furthermore, these surveys predict increased radium levels 
in several states across the USA, including Wisconsin, Minnesota, the Appala-
chian Mountains, and Florida. Under the Safe Drinking Water Act, the U.S. En-
vironmental Protection Agency (EPA) has established maximum contaminant 
level goals (MCLGs) of zero for radioactivity in drinking water. However, the 
maximum contaminant level (MCL) for combined 226Ra and 228Ra in drinking wa-
ter is set at 185 mBq·L−1 (5 pCi·L−1), requiring both radium isotopes to be meas-
ured separately (EPA, 2000). Currently, no regulations exist for radium isotopes 
in soil and sediment.  

Two short-lived isotopes of radium also occur naturally, 223Ra and 224Ra, which 
are alpha-gamma emitters from the 235U and 232Th radioactive decay series (Figure 
2) with half-lives of 11.4 days and 3.6 days, respectively. 223Ra and 224Ra are appro-
priate tracers for studying water circulation and mixing in nearshore lakes. Due 
to the low abundance of 235U (0.72%) in the Earth’s crust, 223Ra is difficult to de-
termine by gamma spectrometry; however, 223Ra in water is measured by a delayed 
coincidence counter system (Moore & Arnold, 1996). In sediment, 224Ra is pri-
marily found in secular equilibrium with 232Th and so with 228Ra and continuously 
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produced by the alpha decay of 228Th (T1/2 = 1.9 y); however, in freshwater and 
seawater, 224Ra shows different geochemical characteristics. In freshwater, 224Ra is 
firmly bound onto particle surfaces; however, as the ionic strength increases dur-
ing mixing with seawater, some 224Ra may be released due to desorption. This pro-
cess leads to some disequilibrium that may occur between 224Ra and 228Th in near-
surface sediment. Measurements of 224Ra in water (Sun & Torgersen, 1998; Kim et 
al., 2001; Parsa et al., 2005; Zhao et al., 2018) are reported quite often however, the 
measurements of 224Ra in soil and sediment are scanty and time-consuming due 
to the chemistry of sample processing and counting procedure using a delayed 
coincidence counter (Cai et al., 2012; 2015). High-resolution gamma spectrometry 
has been successfully applied to measure the radium isotopes in drinking water 
(Khan et al., 2020), sediment (Khan et al., 2023; Dowdall et al., 2004; Herranz et 
al., 2006), and building materials (Suárez-Navarro et al., 2018). However, energy 
discrimination of 224Ra and 226Ra isotopes by gamma spectrometry is not always 
straightforward due to interfering energy peaks emitted by radium isotopes and 
their progeny (Lake et al., 2025).  

 

 
Figure 1. Decay scheme of 238U natural radioactive series. 

 
In addition to 224Ra and 226Ra, several other natural (40K, 210Pb, 228Ra, 234Th, 

234mPa, 235U) and anthropogenic (137Cs and 241Am) radionuclides were measured in 
soil, sediment, and CRM samples. The details of the gamma measurements of nat-
ural radionuclides are available in an earlier paper (Khan et al., 2023). This study 
is crucial for maintaining a reference data record (baseline) to document potential 
changes in natural and artificial radionuclides in the future, resulting from either 
contamination due to nuclear energy production or nuclear accidents. 137Cs (T1/2 
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= 30.05 ± 0.08 y) is the most common anthropogenic radionuclide in the environ-
ment, arising from fallout from nuclear weapon tests in the 1950s and early 1960s 
and the Chernobyl nuclear accident in 1986. The deposition density of 137Cs from 
global fallout in the eastern US ranged from 2500 to 8000 Bq·m−2, with some lo-
calized regions receiving even greater amounts (Simon et al., 2004). 137Cs decays 
through 137mBa into stable 137Ba via beta particles with Emax = 512 keV, Ba Kα X-
rays at 32 keV, and a gamma energy line of 661.7 keV (Iγ = 85.1%). 241Am is the 
most significant radioisotope of americium concerning its occurrence in the en-
vironment. The other long-lived isotope, 243Am, is produced in nuclear reactors 
but has a smaller activity than 241Am. The activity of 242mAm (T1/2 = 160 y), which 
originated from atomic weapons tests, was nearly six orders of magnitude lower 
than 241Pu activity, from which 241Am is derived. 241Am is produced in nuclear 
power plants during the activation of 239Pu and 240Pu by neutrons, followed by beta 
decay of 241Pu (T1/2 = 14.35 y). 241Am is detectable at minimal levels across the 
entire Northern Hemisphere due to atmospheric nuclear weapons tests in the 
1950s and early 1960s.  

 

 

Figure 2. Decay scheme of 232Th natural radioactive series. 
 

In this paper, we applied the deconvolution method for the first time to directly 
measure the 224Ra (Eγ = 240.99 keV; Iγ = 4.4.1%) and 226Ra (Eγ = 186.21 keV; Iγ = 
3.64%) activity in soil and sediment samples, correcting for spectral interference 
from 214Pb (Eγ = 241.9 keV, Iγ = 7.26%) and 235U (Eγ = 185.71 keV; Iγ = 57.2%) 
present in the matrices using ultra-low background gamma spectrometry (Haines 
et al., 2011; Khan et al., 2014). This method will save time for the 226Ra measure-
ment needed to establish secular equilibrium between 222Rn progeny (214Pb and 
214Bi). In this study, we used 143.76 keV (10.96%), 163.33 keV (5.08%), and 205.31 
keV (5.01%) gamma energy lines to accurately measure the 235U activity in soil 
and sediment samples using ultra-low background spectrometry, a capability that 
conventional gamma spectrometry lacks due to the low intensity of gamma energy 
lines and high background in the detector (Khan et al., 2023). We compared the 
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224Ra activity in soil and sediment with that of 228Ra, as 224Ra is expected to be in 
secular equilibrium with 228Ra. The ratio of 224Ra/228Ra provides insights into the 
disequilibrium of radionuclides in the matrices. The results for 226Ra activity were 
also compared with those of the 222Rn progeny (214Pb and 214Bi) after secular equi-
librium was established with 226Ra. Certified reference materials (CRMs) for soil 
and sediments were used to verify the activity results for 224Ra and 226Ra. Activities 
of several other radionuclides in CRMs, such as 40K, 137Cs, 238U (via 234Th and 
234mPa), 235U, and 241Am, were also reported to validate our gamma measurement 
findings. For CRMs IAEA-312 (soil), no information is available in the literature 
or the report (Strachnov et al., 1991) concerning radionuclide activities, except for 
226Ra. In this paper, we present a detailed analysis of natural and anthropogenic 
radionuclide activity in IAEA-312 (soil) for the scientific community interested in 
utilizing this CRM for gamma soil analysis and quality control to verify their re-
sults for comparison. 

2. Materials and Methods 
2.1. Sample Collection and CRMs 

The sediment samples (S1 to S4) were collected at various time intervals between 
2018 and 2023 from the shoreline of the Lake Ontario boat launch (Figure 3, 
marked by a red star), precisely where the water meets the land. Depth was 
skimmed off the top at approximately 2 cm and sifted in the field to remove large 
rocks. One topsoil sample (500 g) was collected from a backyard, as shown in Fig-
ure 3 (marked by a black cross) at a depth of 6 inches, and sieved for gravel and 
stones, along with one soil sample from the IAEA-2006 PT exercise that was used. 
The PT soil sample was milled and sieved to obtain the appropriate fraction at a 
mesh size of less than 0.1 mm before being homogenized. The soil matrix was 
characterized, and several samples were pre-screened for radionuclides before 
spiking. The results indicated that the material was free from radionuclides, except 
for 137Cs, which was detected at 2.6 ± 0.2 Bq·kg−1 based on dry mass (Ref. date: 
2006-01-01). Additionally, 210Pb was found at 48 ± 1.5 Bq·kg−1 dry mass. The mois-
ture content measured 2.3% ± 0.2% (Shakhashiro et al., 2007). The topsoil sample 
was kept in a cooler and transported to the laboratory, where it was dried over-
night at 105˚C to achieve a constant weight. An aliquot of the soil sample (65.6 g) 
was then weighed and transferred into a 50 ML jar, filled to the top, and sealed 
with Phenoseal Vinyl Adhesive Caulk (PHENOSEAL, Baltimore, MD 21224) and 
black electrical tape (S-17841; Uline, Pleasant Prairie, WI 53158) to prevent the 
escape of 222Rn gas from the container. CRM samples were also counted in a 50 
ML geometry. Before gamma counting, the sediment sample was allowed to sit for 
four weeks to ensure 226Ra was in equilibrium with 222Rn progeny (214Pb and 214Bi). 
The samples were counted for 60,000 s to 240,000 s on an Ultra-Low Background 
HPGe detector, depending upon the sample’s size, activity, and geometry. The 
background was counted for 240,000 s. Radiological testing laboratories must val-
idate their analytical methods using PTs and certified reference materials (CRMs) 
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as quality control tools to provide reliable and valid measurement results for 
method validation, quality control, and metrological traceability. For this purpose, 
four CRMs obtained from the IAEA were also analyzed: IAEA-447 (Moss Soil, 
MS), IAEA-312 (Soil), IAEA-412 (Pacific Ocean Sediment, PO), and IAEA-385 
(Irish Sea Sediment, IS).  

 

 

Figure 3. Location of sample collection (red star: sediment sample, black cross: topsoil sam-
ple; Source: Nations Online Project. New York State Map. http://www.nationsonline.org/). 

2.2. Gamma Spectrometry 

In this study, measurements were performed using a p-type coaxial high-purity 
germanium (HPGe) detector (Model GX13023, XtRa, Mirion Technologies, CT, 
USA) with a relative efficiency of approximately 140%. The detector is housed in 
a copper cryostat with a carbon-composite top-entry window of 0.62 mm thick-
ness, providing sensitivity to photon energies as low as ~10 keV. The spectrometer 
is installed inside a room constructed of 15-cm-thick pre-World War II steel 
(Dixie Manufacturing Co., Baltimore, MD, USA), located beneath a 47-story 
building that provides approximately 33 m of water-equivalent (mwe) overburden 
for vertical cosmic-ray attenuation. To further suppress ambient radiation, the 
detector is enclosed in a custom-designed, three-layer ultra-low-background lead 
shield with a total thickness of 17 cm and is surrounded on five sides by plastic 
scintillation panels for active muon rejection (Khan et al., 2014). Under this con-
figuration, the system exhibits an integrated background rate of 2.4 counts per 
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minute (cpm) over the gamma-energy range from 50 to 2700 keV, corresponding 
to approximately 15 counts·s−1·kg−1 of germanium. Energy and efficiency calibra-
tions of the detector were performed as described elsewhere (Khan et al., 2023). 
Nuclear decay data, including half-lives and gamma-ray emission probabilities, 
were obtained from the Brookhaven National Laboratory database  
(https://www.nndc.bnl.gov/nudat3/). 

While radiochemical separation techniques are typically required to detect low-
level 241Am in soils and sediments, where surface activities are often on the order 
of 20 - 40 Bq·m−2. Its presence can also be resolved by ultra-low-background 
gamma spectrometry via the 59.5 keV gamma emission. The sensitivity of the pre-
sent system enables direct detection of 241Am at environmental levels without the 
need for extensive chemical preconcentration. 

2.3. 224Ra Measurements 
224Ra decays with gamma emission at 240.99 keV (Iγ = 4.10%). However, this 
gamma line must be deconvoluted from another gamma-ray energy of 241.99 keV 
(Iγ = 7.26%) emitted by 214Pb. 214Pb also emits distinct gamma energy lines at 
295.22 keV (Iγ = 18.47%) and 351.93 keV (Iγ = 35.72%). These two gamma energy 
lines were used for interference correction. In soil and sediment, 224Ra is in secular 
equilibrium with the radionuclides of the 232Th decay series. In this paper, we 
measured the 224Ra activity using the gamma energy line of 240.99 keV in soil and 
sediment samples, correcting for interference from the 214Pb. The weighted mean 
activity of 214Pb from the gamma energy lines of 295.22 keV (Iγ = 18.47%) and 
351.93 keV (Iγ = 35.72%) was measured through ultra-low background spectrom-
etry and subtracted from the 224Ra activity measured by the 240.99 keV energy 
line. The 224Ra activity is also measured in CRMs, with results compared to those 
of 228Ra and 212Pb in the samples. The interference correction was applied using 
the following equations. The count rate under the 241 keV peak was treated as a 
sum: 

 ( ) ( ) ( )224 224 214Ra;241 keV Ra;240.99 keV Pb;241.99 keVT A BC C C= +  (1). 

CT is the total count rate under the peak area of 241 keV. This includes the 
contribution from 224Ra and 214Pb. CA and CB are the count rates of the peak area 
of 240.99 keV of 224Ra and 241.99 keV of 214Pb, respectively. CB is calculated by 
using the equation below (Justo et al., 2006):  

 ( ) ( )214
241.99 keV 241.99214

295.22 keV 295.22 keV

Pb,295.22 keV
Pb,241.99 keVB

I
C

I

∗ ∗
=

∗




 (2) 

If the 351.93 keV peak of 214Pb is also present, then the average of the count 
rates for both peaks is needed. In the above equation, γ  is the efficiency of the 
gamma line of the radionuclide. Iγ is the emission probability of the gamma line. 
Iγ for 241.99 keV is 7.26%, for 295 keV is 18.47%, and for 351.93 keV is 35.72%. 
The activities of 224Ra and 214Pb are density and coincidence summing corrected. 
The gamma activities and uncertainties are calculated using the formula given 
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elsewhere (Khan et al., 2023). 

2.4. 226Ra Measurements 
226Ra is determined either directly by measuring the 186.21 keV γ-peak or indi-
rectly by measuring the γ-peaks of 222Rn progeny, specifically 214Pb and 214Bi, after 
secular equilibrium is established with 226Ra (approximately 4 weeks). Direct 
measurement of 226Ra at 186.21 keV using gamma spectrometry is challenging due 
to interference from the 185.71 keV γ-peak of 235U, necessitating correction for 
the interference from the 235U (185.71 keV) peak. In this paper, we describe the 
measurement of 226Ra activity in soil and sediment using Eγ = 186.21 keV; Iγ = 
3.64% gamma energy peak after correcting for interference from 235U (Eγ = 185.71 
keV; Iγ = 57.2%) as detailed below: 

The total count rate (CT) at 186 keV peak is given as: 

 ( ) ( ) ( )235 226
U-235 Ra-226186 keV U,185.71 keV Ra,186.21 keVTC C C= +  (3) 

CU-235 is the count rate of 235U under the peak of 185.71 keV, and CRa-226 is the 
count rate of 226Ra under the peak of 186.21 keV. The count rate of 235U in the 186 
keV peak can be determined using the 143.76 keV peak below.  

 ( ) ( )235
U-235 185.71 keV 185.71235

U-235
143.76 keV 143.76 keV

U,143.76 keV
U,185.71 keV

C I
C

I

∗ ∗
=

∗




 (4) 

where γ  is the efficiency of the individual gamma line depending upon the ge-
ometry of the container, and Iγ is the emission probabilities (57.2 % for Eγ = 185.71 
keV; 10.94 % for Eγ = 143.76 keV). The activity for 235U is calculated from the 
weighted mean activities of gamma energy lines of 143.76 keV, 163.33 keV, and 
205.31 keV if all appear in the spectrum. The interference-corrected direct 226Ra 
activity in soil, sediment, and CRM samples was compared with the activities of 
222Rn progeny, i.e., 214Pb and 214Bi.  

3. Results and Discussion 
3.1. Interference-Corrected 224Ra and Secular Equilibrium in the  

232Th Decay Series 

The 214Pb interference-corrected 224Ra activities measured in soils, sediments, and 
certified reference materials (CRMs) are summarized in Table 1. A representative 
gamma spectrum for sediment sample S1, highlighting the principal gamma lines 
relevant to 224Ra determination, is shown in Figure 4. Certified values for CRMs 
are indicated in parentheses in the tables. 

In the Lake Ontario sediment samples (S1 - S4), the corrected 224Ra activities 
are 23.8 ± 0.7, 23.7 ± 1.5, 23.1 ± 1.6, and 23.4 ± 2.7 Bq·kg−1, respectively, yielding 
a mean activity of 23.5 ± 0.2 Bq·kg−1. These values are in close agreement with the 
corresponding 22⁸Ra activities of 24.3 ± 0.2, 20.6 ± 0.2, 22.3 ± 0.2, and 23.8 ± 0.2 
Bq·kg−1 (mean: 22.8 ± 0.8 Bq·kg−1). The agreement between 224Ra and 22⁸Ra, as well 
as with other 232Th decay products (212Pb, 212Bi, and 20⁸Tl), is illustrated in Figure 
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5 and indicates that secular equilibrium is maintained in these sediments. 
The near-unity 224Ra/22⁸Ra ratios observed across all sediment samples suggest 

that 224Ra remains in near-secular equilibrium with its parent 22⁸Th. This behavior 
reflects stable geochemical conditions within the Lake Ontario surface sediments, 
with no evidence for recent disturbance, resuspension, or pore-water exchange 
processes that would preferentially mobilize short-lived 224Ra. The consistency of 
this ratio across samples collected at different times further supports the validity 
of equilibrium-based gamma-spectrometric assumptions for these sediments. 

 
Table 1. Radionuclide activities in soil and sediment samples in Bq·kg−1. 

Sample Type 224Ra 228Ra 212Pb 212Bi 208Tl 226Ra 214Pb 214Bi 

IAEA-447 (MS) 43.8 ± 3.5 
35.3 ± 0.7 

(37.3 ± 2.0)* 
35.8 ± 1.0 

(37.3 ± 1.5)* 
36.6 ± 2.1 35.5 ± 0.8 

26.8 ± 5.6 
(25.1 ± 2.0) 

21.6 ± 0.6 
(26.0 ± 2.0)* 

20.3 ± 0.5 
(24.8 ± 2.0)* 

IAEA-312 (Soil) 289 ± 32 
347 ± 4 

(371 ± 41)** 
314 ± 6 345 ± 10 325 ± 4 

296 ± 28 
(250 - 287) 

245 ± 4 234 ± 3 

IAEA-2006 Soil (PT) 80 ± 19 58.6 ± 0.9 60.6 ± 1.6 56.3 ± 3.2 59.5 ± 1.1 42.5 ± 7.2 47.3 ± 0.8 46.6 ± 0.8 

Soil (BS) 21.8 ± 3.4 23.3 ± 0.5 23.2 ± 0.7 21.1 ± 1.6 23.3 ± 0.5 32.4 ± 7.7 33.1 ± 0.6 33.1 ± 0.6 

Sediment (S1) 23.8 ± 0.7 24.3 ± 0.2 23.6 ± 0.4 23.4 ± 0.5 24.0 ± 0.5 24.6 ± 1.4 24.3 ± 1.4 23.3 ± 0.2 

Sediment (S2) 23.7 ± 1.5 20.6 ± 0.2 19.1 ± 0.6 20.9 ± 0.2 20.1 ± 0.2 23.2 ± 1.9 20.7 ± 0.2 19.9 ± 0.2 

Sediment (S3) 23.1 ± 1.6 22.3 ± 0.2 21.1 ± 0.4 22.8 ± 0.5 21.8 ± 0.2 22.6 ± 1.3 21.7 ± 0.3 22.2 ± 0.2 

Sediment (S4) 
IAEA-385 Sediment (IS) 

23.4 ± 2.7 
33.7 ± 3.0 

23.8 ± 0.2 
33.6 ± 0.5 

22.5 ± 0.3 
33.4 ± 0.9 

22.7 ± 0.4 
33.6 ± 1.5 

22.1 ± 0.2 
33.6 ± 0.8 

24.4 ± 1.1 
20.7 ± 3.8 

(22.8 ± 0.6) 

23.3 ± 0.2 
23.5 ± 0.4 

22.2 ± 0.2 
22.6 ± 0.4 

IAEA-412 Sediment (PO) 38.7 ± 3.2 
36.4 ± 0.5 

(36.2 ± 2.3) 
35.5 ± 0.9 36.7 ± 1.4 35.9 ± 0.6 

26.9 ± 3.3 
(27.4 ± 1.0) 

25.5 ± 0.4 25.0 ± 0.4 

*Values taken from the reference: IAEA/AQ/22; ** Value taken from the reference: Farias et al. (2011). 
 

 

Figure 4. Gamma spectra of the sediment sample (S3) showing major gamma lines. 
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Figure 5. 224Ra and 228Ra in soil and sediment samples.  
 

Independent confirmation of the interference correction is provided by CRMs. 
For IAEA-412 (PO), the certified 22⁸Ra activity is 36.2 ± 2.3 Bq·kg−1, while the 
measured value in this study is 36.4 ± 0.5 Bq·kg−1. The corresponding corrected 
224Ra activity is 38.7 ± 3.2 Bq·kg−1, in agreement within uncertainty. Similar con-
sistency between 224Ra and 22⁸Ra is observed in IAEA-385, IAEA-447, IAEA-312, 
and IAEA-2006 PT soil samples, demonstrating that the 214Pb interference correc-
tion yields accurate 224Ra activities across diverse matrices. 

3.2. Verification of 226Ra Correction for 235U interference 

Direct 226Ra measurements obtained from the 186.21 keV gamma line were cor-
rected for interference from the closely spaced 235U gamma line at 185.71 keV. The 
corrected 226Ra activities are listed in Table 1 and compared with indirectly de-
rived 226Ra activities based on the short-lived 222Rn progeny, 214Pb, and 214Bi. Figure 
6 illustrates the strong agreement between these independent determinations. 

 

 

Figure 6. 226Ra, 214Pb, 214Bi activities in soil and sediment samples. 
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In the Lake Ontario sediments (S1 - S4), the corrected 226Ra activities range from 
22.6 ± 1.3 to 24.6 ± 1.4 Bq·kg−1, with a mean value of 24.2 ± 0.9 Bq·kg−1. These 
values are consistent with the corresponding 214Pb activities (mean: 22.5 ± 0.8 
Bq·kg−1) and 214Bi activities (mean: 22.0 ± 0.1 Bq·kg−1), confirming that secular 
equilibrium between 226Ra and its progeny is preserved in these sediments. 

In soil samples, the BS soil shows a corrected 226Ra activity of 32.4 ± 7.7 Bq·kg−1, 
in excellent agreement with the 214Pb and 214Bi activities of 33.1 ± 0.2 Bq·kg−1. Sim-
ilarly, in the IAEA-2006 PT soil, the corrected 226Ra activity of 50.0 ± 15 Bq·kg−1 
aligns with the 214Pb and 214Bi activities of 47 ± 2 and 44 ± 2 Bq·kg−1, respectively. 

CRM measurements further validate the correction approach. For IAEA-447 
(MS), the measured 226Ra activity of 26.8 ± 5.6 Bq·kg−1 agrees with the certified 
value of 25.1 ± 2.0 Bq·kg−1. In IAEA-312 (soil), the measured activity of 296 ± 28 
Bq·kg−1 falls within the certified range of 250–287 Bq·kg−1 (95% confidence inter-
val). For sediment CRMs IAEA-385 (IS) and IAEA-412 (PO), the measured 226Ra 
activities (22.8 ± 0.6 and 26.9 ± 3.3 Bq·kg−1, respectively) closely match the certi-
fied values, confirming that the combined 235U interference correction and ultra-
low-background counting approach yields accurate 226Ra determinations. 

3.3. Natural and Anthropogenic Radionuclides in Soils, Sediments,  
and CRMs 

Activities of additional natural and anthropogenic radionuclides are summarized 
in Table 2. The 40K activity in the BS soil sample is 598 ± 15 Bq·kg−1, while sedi-
ment samples S1 - S4 range from 531 ± 11 to 632 ± 12 Bq·kg−1, with a mean value 
of 566 ± 8 Bq·kg−1. These values fall within the global range of 140 - 850 Bq·kg−1 
reported by UNSCEAR (2000), indicating typical lithogenic contributions. 
 

Table 2. Anthropogenic and natural radionuclide activities in soil and sediment in Bq·kg−1. 

Sample type 40K 137Cs 210Pb 234Th 234mPa 235U 241Am 

IAEA-447 (MS) 
520 ± 13 

(550 ± 18) 
313 ± 9 

(328 ± 8) 
333 ± 9 

(306 ± 15) 
22.4 ± 3.6 

(22.2 ± 0.8) 
29.0 ± 8.9 

(22.2 ± 0.8) 
1.7 ± 2.9 

(NA) 
1.9 ± 0.3 

(2.3 ± 0.2) 

IAEA-312 (Soil) 433 ± 11 88 ± 2 826 ± 24 214 ± 25 
176 ± 19 
(194 ± 9) 

9.1 ± 1.2  

IAEA-2006 Soil (PT) 710 ± 18 
52.4 ± 1.5 

(52.6 ± 1.1) 
293 ± 10 

(260 ± 13) 
28.1 ± 8.1 28.1 ± 12.0 1.96 ± 0.6 

101.7 ± 2.0 
(96.6 ± 2.8) 

Soil (BS) 598 ± 15 1.4 ± 0.1 66.5 ± 3.1 28.2 ± 3.9 31.4 ± 8.7 1.7 ± 0.7  

Sediment (S1) 542 ± 11 0.79 ± 0.02 24.4 ± 1.7 24.4 ± 2.9 22.3 ± 1.9 1.2 ± 0.1  

Sediment (S2) 632 ± 12 0.96 ± 0.03 BDL* 19.4 ± 7.5 19.7 ± 4.4 0.88 ± 0.2  

Sediment (S3) 531 ± 11 1.1 ± 0.02 BDL* 21.2 ± 2.5 20.0 ± 1.3 1.0 ± 0.1  

Sediment (S4) 563 ± 11 0.87 ± 0.02 BDL* 22.2 ± 2.3 21.0 ± 1.4 0.97 ± 0.09  

IAEA-412 Sediment (PO) 
539 ± 13 

(561 ± 26) 
5.0 ± 0.2 

(5.7 ± 0.2) 
104 ± 2.9 

(88.2 ± 3.2) 
34.4 ± 4.0 

(31.2 ± 1.7) 
35.3 ± 6.1 

(31.2 ± 1.7) 
1.7 ± 0.3 

(1.4 ± 0.05) 
 

*Below detection limit as explained in Khan et al., (2023).  
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The measured 137Cs activity in the soil sample is 1.4 ± 0.1 Bq·kg−1, while sedi-
ment samples show lower activities ranging from 0.79 ± 0.02 to 1.1 ± 0.02 Bq·kg−1 
(mean: 0.93 ± 0.03 Bq·kg−1). These values are consistent with reported ranges for 
surface soils and sediments in the United States, where 137Cs activities vary widely 
depending on fallout history and sedimentation processes (McHenry et al., 1973; 
Hamilton, 1997). The relatively low 137Cs activities in the Lake Ontario sediments 
suggest limited recent anthropogenic input and post-depositional redistribution. 

The 210Pb activity in the BS soil is 66.5 ± 3.1 Bq·kg−1, while sediment sample S1 
shows an activity of 24.4 ± 1.17 Bq·kg−1; samples S2 - S4 are below the detection 
limit. This pattern is consistent with atmospheric deposition of excess 210Pb and 
variable sediment mixing. The activities of 234Th and 234mPa are in close agreement 
in both soils and sediments, confirming near-secular equilibrium with parent 23⁸U. 
The measured 235U activities in BS soil (1.7 ± 0.7 Bq·kg−1) and sediments (mean: 
1.01 ± 0.12 Bq·kg−1) are consistent with global background levels reported by UN-
SCEAR (2000). 

CRM results further demonstrate the accuracy of the measurements. For exam-
ple, in IAEA-2006 (PT) soil, the measured 60Co activity of 58.3 ± 2.5 Bq·kg−1 agrees 
with the certified value of 56.1 ± 1.4 Bq·kg−1. Similarly, measured 137Cs and 210Pb 
activities in IAEA-447 (MS), IAEA-412 (PO), and IAEA-312 (soil) closely match 
certified values, confirming the reliability of the ultra-low-background gamma 
spectrometry system. 

3.4. Methodological Implications and Limitations 

The combined results demonstrate that interference-corrected ultra-low-back-
ground gamma spectrometry enables accurate determination of 224Ra and 226Ra in 
soils, sediments, and CRMs. The agreement between corrected activities, decay-
chain progeny, and certified values supports the robustness of the methodology 
for routine environmental monitoring, regulatory assessments, and characteriza-
tion of both Naturally Occurring Radioactive Material (NORM) and Technologi-
cally Enhanced Naturally Occurring Radioactive Material (TENORM) materials. 

However, the approach relies on assumptions of secular equilibrium and accu-
rate deconvolution of closely spaced gamma peaks. Deviations from equilibrium, 
matrix heterogeneity, or uranium-series disequilibrium could introduce addi-
tional uncertainty and should be assessed on a case-by-case basis. Complementary 
analytical techniques, such as alpha spectrometry or radon emanation measure-
ments, may further strengthen interpretations in complex or disturbed systems. 

4. Conclusion 

This study demonstrates the effectiveness and reliability of ultra-low-background 
gamma spectrometry for determining natural and anthropogenic radionuclide ac-
tivities in environmental matrices, including soils, sediments, and certified refer-
ence materials (CRMs). The corrected activities of 224Ra in sediments and soils, 
following interference adjustment for 214Pb, were found to be in close agreement 
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with the activities of 228Ra and other daughter products of the 232Th decay series 
(212Pb, 212Bi, and 208Tl), indicating that secular equilibrium prevails in these sam-
ples. Similarly, the consistency between directly measured 226Ra activities and 
those derived indirectly from 214Pb and 214Bi confirms the validity of the energy 
interference correction between 226Ra and 235U gamma peaks. 

The measured 226Ra activities in soils, sediments, and CRMs such as IAEA-447, 
IAEA-312, IAEA-385, and IAEA-412 were in strong agreement with certified val-
ues, affirming the accuracy of the analytical method. The detection of 40K, 137Cs, 
210Pb, 234Th, 234mPa, 235U, 241Am, and 60Co in various environmental samples also 
aligned closely with global average values and CRM certificates.  

The interference-corrected gamma-spectrometric approach provides a reliable 
and time-efficient means for the direct quantification of radium isotopes while 
simultaneously validating equilibrium conditions within natural decay chains. 
The demonstrated method is well-suited for routine environmental radioactivity 
monitoring, regulatory and compliance-driven assessments, and the characteriza-
tion of NORM and TENORM impacted sites, offering a practical alternative to 
more labor-intensive radiochemical techniques while maintaining high analytical 
confidence. 

Authorship Contribution Statement  

Abdul J Khan: Project Design, Conceptualization, Methodology, Data Analysis, 
Data curation, Writing-Original Draft, Literature Survey, Supervision; Umme-
Farzana Syed: Sample Preparation, Review and Editing; Cynthia A. Costello: Sam-
ple Collection and Distribution, Review and Editing.  

Conflicts of Interest 

The authors declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work reported in this 
paper. 

References 
Agency for Toxic Substances and Disease Registry (ATSDR) (1990). U.S. Public Health 

Service. Toxicological Profile for Radium. 

Cai, P., Shi, X., Hong, Q., Li, Q., Liu, L., Guo, X. et al. (2015). Using 224Ra/228Th Disequilib-
rium to Quantify Benthic Fluxes of Dissolved Inorganic Carbon and Nutrients into the 
Pearl River Estuary. Geochimica et Cosmochimica Acta, 170, 188-203.  
https://doi.org/10.1016/j.gca.2015.08.015 

Cai, P., Shi, X., Moore, W. S., & Dai, M. (2012). Measurement of 224Ra:228Th Disequilibrium 
in Coastal Sediments Using a Delayed Coincidence Counter. Marine Chemistry, 138, 1-
6. https://doi.org/10.1016/j.marchem.2012.05.004 

Dowdall, M., Selnaes, Ø. G., Gwynn, J. P., & Davids, C. (2004). Simultaneous Determina-
tion of 226Ra and 238U in Soil and Environmental Materials by Gamma-Spectrometry in 
the Absence of Radium Progeny Equilibrium. Journal of Radioanalytical and Nuclear 
Chemistry, 261, 513-521. https://doi.org/10.1023/b:jrnc.0000037091.19952.d3 

https://doi.org/10.4236/gep.2026.141012
https://doi.org/10.1016/j.gca.2015.08.015
https://doi.org/10.1016/j.marchem.2012.05.004
https://doi.org/10.1023/b:jrnc.0000037091.19952.d3


A. J. Khan et al. 
 

 

DOI: 10.4236/gep.2026.141012 225 Journal of Geoscience and Environment Protection 
 

Eisenbud, M., & Gessell, T. F. (1997). Environmental Radioactivity from Natural, Indus-
trial and Military Sources: From Natural, Industrial and Military Sources (4th ed.). Aca-
demic Press.  

Environmental Protection Agency (EPA) (2000). National Primary Drinking Water Regu-
lations: Radionuclides; Final Rule. 40 CFR Parts 9, 141, and 142. Federal Register, Vol. 
65, No. 236. 

Farias, E. G. de E., Honorato, E. V., Franca, E. J. de, Hazin, A., & Clovis, C. A. (2011). 
Determination of 238U and 232Th in Geological Samples by Alpha and Gamma Spectrom-
etry. In International Nuclear Atomic Conference—INAC 2011. Associação Brasileira 
de Energia Nuclear. 

Haines, D. K., Semkow, T. M., Khan, A. J., Hoffman, T. J., Meyer, S. T., & Beach, S. E. 
(2011). Muon and Neutron-Induced Background in Gamma-Ray Spectrometry. Nuclear 
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, 
Detectors and Associated Equipment, 652, 326-329.  
https://doi.org/10.1016/j.nima.2011.01.137 

Hamilton, T. F. (1997). An Investigation on the 137Cs Content of Soil Collected from the 
Boing North America, Inc., Employees’ Recreational and Fitness Center in Canoga Park 
(CA). Technical Report: BNA08513626. Lawrence Livermore, CA. 

Herranz, M., Idoeta, R., Abelairas, A., & Legarda, F. (2006). Radon Fixation for Determi-
nation of 224Ra, 226Ra and 228Ra via Gamma-Ray Spectrometry. Radiation Measurements, 
41, 486-491. https://doi.org/10.1016/j.radmeas.2005.09.007 

IAEA/AQ/22 (2012). Worldwide Proficiency Test: Determination of Natural and Artificial 
Radionuclides in Moss-Soil and Water IAEA-CU-2009-03. ISSN 2074-7659. Interna-
tional Atomic Energy Agency Vienna. 

Justo, J., Evangelista, H., & Paschoa, A. S. (2006). Direct Determination of 226Ra in NORM/ 
TENORM Matrices by Gamma-Spectrometry. Journal of Radioanalytical and Nuclear 
Chemistry, 269, 733-737. https://doi.org/10.1007/s10967-006-0293-4 

Kalin, M. (1988). Long-Term Ecological Behavior of Abandoned Uranium Mill Tailings. 
Radionuclide Concentrations and Other Characteristics of Tailings, Surface Waters, and 
Vegetation. Report to Environment Canada, Ottawa, Ontario, Canada, by Institute for En-
vironmental Studies, University of Toronto, Ontario, Canada. Report No. EPS 3/HA/4. 

Khan, A. J., Bari, A., Torres, M. A., Haines, D. K., Hoffman, T. J., & Semkow, T. M. (2020). 
Destructive and Nondestructive Determination of 226Ra and 228Ra in Drinking Water by 
Gamma Spectrometry. Journal of Environmental Protection, 11, 257-268.  
https://doi.org/10.4236/jep.2020.114015 

Khan, A. J., Semkow, T. M., Beach, S. E., Haines, D. K., Bradt, C. J., Bari, A. et al. (2014). 
Application of Low-Background Gamma-Ray Spectrometry to Monitor Radioactivity in 
the Environment and Food. Applied Radiation and Isotopes, 90, 251-257.  
https://doi.org/10.1016/j.apradiso.2014.04.011 

Khan, A. J., Syed, U., Roselan, A. L., & Costello, C. A. (2023). Uranium Series Disequilib-
rium and Precision Measurement of Radionuclides Activity in Sediment Sample Using 
Low Background Gamma Spectrometry. Journal of Geoscience and Environment Pro-
tection, 11, 119-140. https://doi.org/10.4236/gep.2023.1110010 

Kim, G., Burnett, W. C., Dulaiova, H., Swarzenski, P. W., & Moore, W. S. (2001). Measure-
ment of 224Ra and 226Ra Activities in Natural Waters Using a Radon-in-Air Monitor. En-
vironmental Science & Technology, 35, 4680-4683. https://doi.org/10.1021/es010804u 

Lake, K. M., Kanoutos, K., & Anagnostakis, M. J. (2025). Determination of 226Ra and 238U 
in Environmental Samples from the Analysis of the 186 keV Photopeak and Their Prog-
eny in Equilibrium. Applied Radiation and Isotopes, 225, Article ID: 112074.  

https://doi.org/10.4236/gep.2026.141012
https://doi.org/10.1016/j.nima.2011.01.137
https://doi.org/10.1016/j.radmeas.2005.09.007
https://doi.org/10.1007/s10967-006-0293-4
https://doi.org/10.4236/jep.2020.114015
https://doi.org/10.1016/j.apradiso.2014.04.011
https://doi.org/10.4236/gep.2023.1110010
https://doi.org/10.1021/es010804u


A. J. Khan et al. 
 

 

DOI: 10.4236/gep.2026.141012 226 Journal of Geoscience and Environment Protection 
 

https://doi.org/10.1016/j.apradiso.2025.112074 

Landa, E. R. (1984). Geochemical and Radiological Characterization of Soils from Former 
Radium Processing Sites. Health Physics, 46, 385-394.  
https://doi.org/10.1097/00004032-198402000-00014 

McHenry, J. R., Ritchie, J. C., & Gill, A. C. (1973). Accumulation of Fallout Cesium 137 in 
Soils and Sediments in Selected Watersheds. Water Resources Research, 9, 676-686.  
https://doi.org/10.1029/wr009i003p00676 

Moore, W. S., & Arnold, R. (1996). Measurement of 223Ra and 224Ra in Coastal Waters Using 
a Delayed Coincidence Counter. Journal of Geophysical Research: Oceans, 101, 1321-
1329. https://doi.org/10.1029/95jc03139 

Myrick, T. E., Berven, B. A., & Haywood, F. F. (1981). State Background Radiation Levels: 
Results of Measurements Taken during 1975-1979. ORNL/TM-7343. Oak Ridge Na-
tional Laboratory. 

Parsa, B., Obed, R. N., Nemeth, W. K., & Suozzo, G. P. (2005). Determination of Gross 
Alpha, 224Ra, 226Ra, and 228Ra Activities in Drinking Water Using a Single Sample Prepa-
ration Procedure. Health Physics, 89, 660-666.  
https://doi.org/10.1097/01.hp.0000175147.43222.88 

Shakhashiro, A., Sansone, U., Trinkl, A., Makarewicz, M., Onawa, C., Kim, C.K., Kis-Bene-
dek, G., Benesch, & Schorn, T. R. (2007). (IAEA/AL/171) Report on the IAEA-CU-2006-
03 World-Wide Open Proficiency Test on the Determination of Gamma Emitting Radi-
onuclides. International Atomic Energy Agency (IAEA) Department of Nuclear Sciences 
and Applications Physics, Chemistry, and Instrumentation Laboratory Chemistry Unit 
Agency’s Laboratories Seibersdorf A-2444 Seibersdorf, Austria. 

Simon, S. L., Bouville, A., & Beck, H. L. (2004). The Geographic Distribution of Radionu-
clide Deposition across the Continental US from Atmospheric Nuclear Testing. Journal 
of Environmental Radioactivity, 74, 91-105.  
https://doi.org/10.1016/j.jenvrad.2004.01.023 

Strachnov, V., Valkovic, V., & Dekner, R. Z. (1991). Intercomparison Study IAEA-312 on 
the Determination of U, Th, and Ra-226 in Soil. Report # IAEA/AL/036. International 
Atomic Energy Agency’s Laboratories. Analytical Quality Control Services, Vienna. 

Suárez-Navarro, J. A., Gascó, C., Alonso, M. M., Blanco-Varela, M. T., Lanzon, M., & Puer-
tas, F. (2018). Use of Genie 2000 and Excel VBA to Correct for γ-Ray Interference in the 
Determination of NORM Building Material Activity Concentrations. Applied Radiation 
and Isotopes, 142, 1-7. https://doi.org/10.1016/j.apradiso.2018.09.019 

Sun, Y., & Torgersen, T. (1998). The Effects of Water Content and Mn-Fiber Surface Con-
ditions on 224Ra Measurement by 220Rn Emanation. Marine Chemistry, 62, 299-306.  
https://doi.org/10.1016/s0304-4203(98)00019-x 

Tracy, B. L., Prantl, F. A., & Quinn, J. M. (1983). Transfer of 226Ra, 210Pb and Uranium from 
Soil to Garden Produce: Assessment of Risk. Health Physics, 44, 469-477.  
https://doi.org/10.1097/00004032-198305000-00001 

United Nations Scientific Committee on the Effects of Atomic Radiation UNSCEAR 
(2000). Report of the United Nations Scientific Committee on the Effects of Atomic Ra-
diation to the General Assembly. Sources and Effects of Ionizing Radiation. United Na-
tions. 

Zhao, S., Xu, B., Zhang, X., & Burnett, W. C. (2018). Rapid 224Ra Measurements in Water 
via Multiple Radon Detectors. Journal of Radioanalytical and Nuclear Chemistry, 318, 
27-33. https://doi.org/10.1007/s10967-018-5981-3 

 

https://doi.org/10.4236/gep.2026.141012
https://doi.org/10.1016/j.apradiso.2025.112074
https://doi.org/10.1097/00004032-198402000-00014
https://doi.org/10.1029/wr009i003p00676
https://doi.org/10.1029/95jc03139
https://doi.org/10.1097/01.hp.0000175147.43222.88
https://doi.org/10.1016/j.jenvrad.2004.01.023
https://doi.org/10.1016/j.apradiso.2018.09.019
https://doi.org/10.1016/s0304-4203(98)00019-x
https://doi.org/10.1097/00004032-198305000-00001
https://doi.org/10.1007/s10967-018-5981-3

	Determination of 224Ra and 226Ra Activities in Soil and Sediment Using Interference Correction Method by Ultra Low-Level Gamma Spectrometry
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Sample Collection and CRMs
	2.2. Gamma Spectrometry
	2.3. 224Ra Measurements
	2.4. 226Ra Measurements

	3. Results and Discussion
	3.1. Interference-Corrected 224Ra and Secular Equilibrium in the 232Th Decay Series
	3.2. Verification of 226Ra Correction for 235U interference
	3.3. Natural and Anthropogenic Radionuclides in Soils, Sediments, and CRMs
	3.4. Methodological Implications and Limitations

	4. Conclusion
	Authorship Contribution Statement 
	Conflicts of Interest
	References

