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Abstract 11 

An adapted procedure for indirect ²¹⁰Pb determination through ²¹⁰Po alpha spectrometry in 12 
mangrove sediments was evaluated for analytical performance and interlaboratory 13 
comparability, including the influence of analytical differences on CF–CS-derived sediment 14 
accumulation rates. Analytical performance was assessed using blanks, minimum detectable 15 
activity, ²⁰⁹Po recovery, and IAEA-412 reference material. Comparison of 46 sediment sections 16 
between LABTOX-UES and IAEA-MEL showed statistical compatibility for 80.4% of paired 17 
results. York regression indicated a slope compatible with unity but a significantly negative 18 
intercept, precluding complete analytical equivalence. Nevertheless, surface mass and sediment 19 
accumulation rates showed no significant interlaboratory differences, supporting the procedure 20 
under the evaluated conditions. 21 

Keywords: ²¹⁰Pb; ²¹⁰Po; alpha spectrometry; interlaboratory comparison; mangrove sediments; 22 
sediment accumulation 23 

 Introduction 24 

Lead-210 (²¹⁰Pb) is a naturally occurring radionuclide of the ²³⁸U decay series, with a half-life 25 
of approximately 22.2 years. Atmospheric ²¹⁰Pb, produced from the decay of ²²²Rn, is deposited 26 
in terrestrial and aquatic environments and becomes associated with mineral particles and 27 
organic matter. In sediments, its unsupported or excess component (²¹⁰Pbex) provides a temporal 28 
framework of approximately 100–150 years and is widely used to establish recent chronologies 29 
and estimate mass accumulation and sedimentation rates in lacustrine, marine, and coastal 30 
environments [1–4]. 31 

The activity of ²¹⁰Pb can be determined directly by gamma-ray spectrometry or indirectly 32 
through its daughter radionuclide, ²¹⁰Po, by alpha spectrometry once radioactive equilibrium 33 
between the two radionuclides has been established [5]. The latter approach provides high 34 
sensitivity for the determination of low activity concentrations in environmental samples, 35 
although it requires radiochemical processing prior to measurement [6,7]. Its analytical 36 
performance can be influenced by different stages of the procedure, including sample digestion, 37 
chemical separation and recovery of polonium from the sediment matrix, preparation of alpha 38 
sources by spontaneous deposition onto metallic discs, and subsequent measurement by alpha 39 
spectrometry [6–8]. The addition of an isotopic tracer, such as ²⁰⁹Po, enables the chemical 40 
recovery of polonium to be monitored and potential losses during sample processing to be 41 
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accounted for. Consequently, the implementation or adaptation of a ²¹⁰Po-based procedure for 42 
the indirect determination of ²¹⁰Pb requires appropriate analytical controls, including 43 
instrumental background, procedural blanks, minimum detectable activity, chemical recovery, 44 
analysis of reference materials, and evaluation of measurement uncertainty [6–9]. 45 

Although the techniques used for ²¹⁰Pb determination are well established, their analytical 46 
performance may depend on the sample matrix, radiochemical procedure, detection technique, 47 
required sensitivity, and laboratory conditions. Cuesta et al. compared low-level gamma-ray 48 
spectrometry, alpha spectrometry through ²¹⁰Po, and Cherenkov counting through ²¹⁰Bi for the 49 
determination of ²¹⁰Pb in different environmental matrices, including sediments, and found no 50 
significant differences among the three methods, although alpha spectrometry provided the 51 
highest precision [10]. More recently, Dulanská et al. compared two separation procedures for 52 
²¹⁰Pb determination and evaluated their performance in terms of accuracy, precision, and 53 
analytical efficiency [11]. These studies demonstrate the importance of experimentally 54 
evaluating the performance and comparability of analytical procedures rather than assuming 55 
equivalence solely on the basis of the radionuclide being determined or the measurement 56 
principle employed. 57 

This issue becomes particularly relevant when ²¹⁰Pb activity profiles are subsequently used to 58 
establish sediment chronologies or calculate accumulation rates. Zaborska et al. compared ²¹⁰Pb 59 
determinations by alpha and gamma spectrometry in marine sediment cores and observed 60 
agreement between the activities obtained by both techniques within counting uncertainties, as 61 
well as good agreement between the resulting sediment accumulation rates [12]. At a broader 62 
scale, an IAEA interlaboratory comparison exercise involving laboratories from 14 countries 63 
showed generally satisfactory analytical performance in radionuclide determination but also 64 
identified difficulties in the complete application of ²¹⁰Pb sediment dating and emphasized the 65 
importance of obtaining reliable activity profiles before establishing chronologies [13]. A 66 
complementary interlaboratory exercise focused on modelling further demonstrated that the 67 
interpretation of ²¹⁰Pb profiles and the implementation of dating models can introduce 68 
additional variability into the resulting chronologies and accumulation rates [14]. These 69 
findings indicate that analytical comparability should be evaluated not only in terms of the 70 
measured ²¹⁰Pb activity concentrations but also by considering the potential influence of 71 
analytical differences on the derived sedimentary parameters. 72 

In this study, a procedure for the indirect determination of ²¹⁰Pb through ²¹⁰Po alpha 73 
spectrometry was adapted to the equipment and analytical conditions available at the Marine 74 
Toxins Laboratory of the University of El Salvador (LABTOX-UES). The digestion stage was 75 
adapted from IAEA-TECDOC-1953 [15], whereas alpha-source preparation was based on the 76 
procedure described in RiO5 Method 16 [16]. The analytical performance of the adapted 77 
procedure was evaluated through the determination of instrumental background, procedural 78 
blanks, minimum detectable activity, ²⁰⁹Po tracer recovery, and analysis of the IAEA-412 79 
reference material. Its interlaboratory comparability was subsequently evaluated using 46 80 
sections of a mangrove sediment core independently analyzed by LABTOX-UES and the IAEA 81 
Marine Environment Laboratories (IAEA-MEL). Finally, the influence of the analytical 82 
differences observed between the two laboratories on mass accumulation and sedimentation 83 
rates derived from the constant flux–constant sedimentation (CF–CS) model was evaluated. 84 

MATERIALS AND METHODS 85 
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Preparation of Sediment Samples Prior to Digestion for ²¹⁰Pb Analysis 86 

The sediment samples analyzed in this study were obtained from core Z3N5, collected in 87 
Jiquilisco Bay, El Salvador, by personnel from the Marine Toxins Laboratory of the University 88 
of El Salvador (LABTOX-UES), in coordination with the Salvadoran Water Authority (ASA) 89 
and the Ministry of Environment and Natural Resources (MARN), within the framework of the 90 
International Atomic Energy Agency (IAEA) ELS7011 project. The core was collected in 91 
September 2024 using the push-core technique with a PVC tube measuring 10 cm in internal 92 
diameter and 100 cm in length. 93 

The sediment core was cut longitudinally to expose the sediment column and allow a visual 94 
description of its stratigraphic characteristics, including changes in color and texture, the 95 
presence of organic remains, and visible variations among strata. It was subsequently sectioned 96 
transversely at intervals defined according to depth: 1 cm between 0 and 20 cm, 2 cm between 97 
20 and 50 cm, and 3 cm at depths greater than 50 cm [17]. 98 

Each section was placed individually in a previously labeled aluminum container, and its wet 99 
mass was recorded. The samples were dried in a Binder oven at 60 °C for 48 h. Completion of 100 
the drying process was verified by successive weighing of a reference sample, using a variation 101 
of less than 4% between two consecutive measurements as the stability criterion. The dry mass 102 
of each sample was then recorded, and the samples were stored individually in labeled Ziploc 103 
bags bearing their respective identification codes. Finally, the samples were homogenized and 104 
ground with an agate mortar until an approximate particle size of 300 µm was achieved (Fig. 105 
1). 106 

107 

Thermal Gradient 108 

To evaluate the thermal uniformity of the hotplate (IKA C-MAG HP 10), the temperature was 109 
set to 100 °C. This condition was selected to safely examine the spatial distribution of the 110 
surface temperature without placing containers holding samples or reagents on the hotplate. 111 
The purpose of the test was not to reproduce the internal temperature reached by the mixtures 112 

Fig. 1. Illustration of sample preparation prior to ²¹⁰Pb analysis by alpha spectrometry. 
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during digestion, but to identify the surface regions exhibiting greater thermal uniformity and 113 
smaller deviations from the set temperature. 114 

For this purpose, the 25.0 cm × 25.0 cm heating surface was divided into 25 square sections 115 
measuring 5.0 cm × 5.0 cm. This discretization allowed a specific and reproducible spatial 116 
position to be assigned to each digestion vessel during sample preparation. Each section was 117 
identified by a unique code corresponding to the digestion vessel positions (IDs 1–25) and 118 
arranged in a spatial matrix defined by the coordinates (ݔ,  represent the 119ݕ andݔ where ,(ݕ
horizontal and vertical positions, respectively. 120 

Based on this spatial distribution, the surface temperature of each section was measured using 121 
an infrared thermometer (Klein Tools IR5) at 10-minute intervals over a total period of 40 122 
minutes to capture potential temporal variations in temperature. For the analysis, the median of 123 
the four measurements taken at different times was calculated for each hotplate position. Thus, 124 
the ANOVA included 25 independent spatial observations: nine corresponding to the central 125 
region and eight corresponding to each of the two peripheral groups. Successive measurements 126 
taken at the same position were considered repeated measurements and were therefore not 127 
treated as independent observations. 128 

A one-way analysis of variance (ANOVA) was subsequently performed using the location zone 129 
of the digestion vessel as the only factor, classified into three levels: central region, peripheral 130 
group 1, and peripheral group 2, according to the spatial distribution shown in Fig. 2. This 131 
analysis was used to determine whether statistically significant differences in temperature 132 
existed among the three regions of the hotplate under the conditions of the thermal test. 133 

Fig. 2.  Spatial distribution of the 25 positions defined on the heating surface of the hotplate 

(IKA C-MAG HP 10) for thermal characterization. The positions were classified into three 

zones: groups 1 and 2, shown in orange and red, respectively, and the central region of the 

hotplate, shown in light blue. 
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 134 

Determination of ²¹⁰Pb at LABTOX-UES 135 

The methodology applied in this study was based on the integration of two complementary 136 
procedures. The first consisted of an acid digestion protocol using a hotplate, following the 137 
methodological parameters established in IAEA-TECDOC-1953 [15], including the types and 138 
volumes of acids used, heating temperature, and digestion time. The second was based on the 139 
methodology implemented at the International Atomic Energy Agency (IAEA) Marine 140 
Environment Laboratories in Monaco, as described in RiO5 Method 16 [16], for the preparation 141 
and deposition of ²¹⁰Po. Both procedures were adapted to the laboratory’s operating conditions 142 
and available resources while maintaining the analytical principles and quality-control criteria 143 
established in the reference methods. 144 
Fig. 3. Illustration of the steps involved in preparing sediment samples for digestion and 145 
subsequent ²¹⁰Pb analysis by alpha spectrometry. 146 
²¹⁰Pb activity in the sediment samples was determined indirectly through its daughter 147 
radionuclide ²¹⁰Po by alpha spectrometry, using ²⁰⁹Po as an isotopic tracer to determine the 148 
chemical recovery of the procedure. For each analysis, approximately 0.30 g of previously 149 
dried, homogenized, and ground sediment was weighed. As part of the analytical quality 150 
control, a procedural blank and the IAEA-412 certified reference material (Pacific Ocean 151 
marine sediment) were included. 152 
A 300 µL aliquot of a ²⁰⁹Po tracer solution (Eckert & Ziegler Isotope Products) was added to 153 
each sample, and the mass added was recorded. The tracer solution was refrigerated at 4 °C 154 
and, before use, was allowed to equilibrate at room temperature for approximately 1 h to prevent 155 
condensation during handling. 156 
For digestion, 5 mL of nitric acid (HNO₃, 65%, NF grade, J.T. Baker™), 4 mL of hydrochloric 157 
acid (HCl, 37%, ACS analytical reagent grade, EMSURE®, Merck), and 1 mL of hydrofluoric 158 
acid (HF, 48%, ACS reagent grade, RGH) were added to each sample. This mixture facilitated 159 
the oxidation of organic matter and the dissolution of the main carbonate and silicate phases 160 
present in the sedimentary matrix. After the reagents were added, the digestion vessels were 161 
tightly sealed and placed on a hotplate (IKA C-MAG HP 10) at 150 °C for at least 16 h (Fig. 162 
3). 163 

Fig. 3. Illustration of the steps involved in preparing sediment samples for digestion and 

subsequent ²¹⁰Pb analysis by alpha spectrometry. 
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 164 
 165 
After digestion was completed, the vessels were opened and their caps were carefully rinsed 166 
with 1 M HCl to minimize sample loss. The vessels were returned to the hotplate (IKA C-MAG 167 
HP 10), and the acid mixture was evaporated at 70–80 °C. During this stage, the temperature 168 
was maintained below 90 °C to minimize potential losses of ²⁰⁹Po and ²¹⁰Po through 169 
volatilization. Once evaporation was complete, 2.5 mL of concentrated HCl was added to each 170 
vessel, and the contents were again evaporated to dryness. This procedure was performed twice 171 
to remove residual acids and condition the medium for the subsequent deposition of polonium 172 
onto silver discs. The resulting residue was redissolved in approximately 30 mL of 1 M HCl 173 
and maintained at 70–80 °C for several minutes. The solution was then quantitatively 174 
transferred into previously labeled 150 mL beakers, using 1 M HCl to rinse the digestion vessels 175 
and ensure complete transfer. The final volume was adjusted to 100 mL with 1 M HCl, and the 176 
solutions were maintained at 70–80 °C on a stirring hotplate (IKA RT10 S001). 177 

Before polonium deposition, 50 mg of ascorbic acid was added to each sample to reduce Fe³⁺ 178 
to Fe²⁺ and minimize potential interference during the spontaneous deposition of polonium. The 179 
silver discs were perforated near their outer edges and suspended in the solutions using 180 
approximately 32 cm of nylon thread. The samples were stirred at 400 rpm for 14 h at 70–80 181 
°C to promote the spontaneous deposition of ²⁰⁹Po and ²¹⁰Po onto the surfaces of the silver discs. 182 
Upon completion of the process, the discs were removed, carefully rinsed with Milli-Q water, 183 
and stored individually in previously labeled envelopes until alpha spectrometric analysis. 184 
Finally, the activities of ²⁰⁹Po and ²¹⁰Po deposited on the discs were determined by alpha 185 
spectrometry using an ALPHA DUO system (ORTEC AMETEK) equipped with passivated 186 
implanted planar silicon (PIPS) detectors. 187 

Alpha Spectrometer Calibration and Background Measurement 188 

The measurement system was calibrated using individual americium-241 and plutonium-239 189 
standard sources manufactured and certified by Eckert & Ziegler, with energies of 5.486 and 190 
5.157 MeV, respectively, according to data from the IAEA Nuclear Data Services. The sources 191 
were individually positioned at a fixed distance of approximately 5 mm from the active surface 192 
of the PIPS detector under vacuum conditions below 500 mTorr. The characteristic alpha peaks 193 
of each radionuclide were identified from the resulting spectra, and the channel–energy 194 
relationship was established by assigning the reference energies to their corresponding channels 195 
and assuming a linear response of the system. The instrumental background was measured using 196 
a counting time equivalent to that employed for the samples. This measurement was performed 197 
using blank silver discs. 198 

Detector efficiency was not determined using the americium-241 (²⁴¹Am) and plutonium-239 199 
(²³⁹Pu) sources because these sources have a thickness of 3.18 mm and an active-area diameter 200 
of 5 mm, whereas the discs used in this study have a thickness of 0.70 mm and an active-area 201 
diameter of 22 mm. This geometric discrepancy precluded direct determination of the system 202 
efficiency because the source-to-detector geometry of the calibration sources differed from that 203 
of the analyzed samples. Given the relevance of this limitation, the mean solid angle subtended 204 
by a circular source at the detector was calculated, as illustrated in Fig. 4. 205 

Based on the approach developed by Gascón and Muñoz [18], a geometric expression was 206 
obtained using an infinite-series approximation truncated after the first three terms, as shown 207 
in Eq. (1). 208 〈ߝ〉 =  12 [ ோವ2஽(஽+ு)] − 316 ோೄ2ோವ2 ு஽5 + 532 ோೄ4ோವ2 ு஽9 2ܪ] − 34 ܴ஽2 ]                   (1) 209 
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Based on this expression, the efficiency was calculated using a source-to-detector distance of 4 210 
mm, corresponding to the geometry employed during the measurements. Under these 211 
experimental conditions, the estimated efficiency was approximately 29% for each detector. 212 

Determinación de la actividad de ²¹⁰Pb 213 

The activity of ²¹⁰Pb was determined indirectly through its daughter radionuclide ²¹⁰Po using 214 
the isotope-dilution technique, with ²⁰⁹Po as a tracer. A known amount of tracer was added to 215 
each sample before the main stages of the radiochemical procedure, allowing the chemical 216 
recovery to be determined individually and correcting for polonium losses occurring during 217 
sample processing. The activity was calculated from the ratio of the net count rates of ²¹⁰Po and 218 
²⁰⁹Po, considering the activity and mass of the added tracer, the mass of sediment analyzed, 219 
blank and background contributions, and radioactive-decay correction factors according to [8]: 220 ܣ  (Bq kg−1) = ஺೅ ௠೅௠ಲ [ோಸಲ−ோಳಲோಸ೅−ோಳ೅ − ோಸಲ್−ோಳಲோಸ೅್−ோಳ೅] ஺݂ ்݂   P݂b−210         (2) 221 

where ܣwas the determined activity (Bq kg-1); ்ܣwas the specific activity of the 209Po tracer 222 
(Bq g-1); ்݉was the mass of tracer added (g); and ݉஺was the mass of sediment analyzed (kg). 223 ܴீ஺ and ܴீ஺௕were the 210Po count rates in the sample and blank, respectively; ܴீ் and 224 ܴீ்௕were the 209Po count rates in the sample and blank, respectively; and ܴ஻஺ and ܴ஻்were the 225 
background count rates in the 210Po and 209Po regions of interest, respectively. Finally, ஺݂, ்݂ , 226 
and P݂b−210were the decay correction factors applied to the analyte, tracer, and 210Pb, 227 
respectively. 228 

Interlaboratory comparison of ²¹⁰Pb determination 229 

For conducting an interlaboratory comparison, the ²¹⁰Pb activity concentration in the sections 230 
of sediment core ELS7011-BJ-Z3N5 was determined at the International Atomic Energy 231 
Agency Marine Environment Laboratories (IAEA-MEL) in Monaco. The determination was 232 
performed indirectly by measuring its daughter radionuclide ²¹⁰Po using alpha spectrometry, 233 
following the procedure described in RiO5 Method 16, ERL-ECU/LM/0001-01 [16]. For each 234 

Fig. 4. Geometric diagram of the source–detector arrangement used to estimate alpha spectrometry 

efficiency through the solid-angle approach developed by Gascón and Muñoz [18]. 
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determination, approximately 0.30 g of previously homogenized and sieved dry sediment with 235 
a particle size below 300 µm was weighed. The samples were transferred into TFM 236 
MARSXpress digestion vessels, and 200 µL of a ²⁰⁹Po tracer solution was added to determine 237 
the chemical recovery and correct for polonium losses during radiochemical processing. 238 
Digestion was performed using a mixture of 9 mL of concentrated HNO₃ and 3 mL of 239 
concentrated HF in a CEM MARS 6™ microwave digestion system equipped with a 40-240 
position MARSXpress rotor at 180 °C for 25 min. After digestion and cooling of the vessels, 241 
15 mL of a boric acid solution was added to complex the residual fluoride and reduce the 242 
formation of insoluble fluorides. 243 

The solution was subsequently evaporated to dryness at approximately 80 °C. The residue was 244 
redissolved in 2 mL of concentrated HCl and evaporated to dryness again. This acidification 245 
and evaporation process was repeated three times to remove residual acids and condition the 246 
sample for subsequent polonium deposition. The final residue was redissolved in 100 mL of 1 247 
M HCl, and the solution was heated to 80 °C. Subsequently, 50 mg of ascorbic acid was added 248 
to reduce Fe³⁺ to Fe²⁺ and minimize its interference during deposition. Polonium isotopes were 249 
isolated by spontaneous deposition onto silver discs 2 cm in diameter, while the solutions were 250 
maintained under magnetic stirring for 8 h at 80 °C. Finally, the activities of ²⁰⁹Po and ²¹⁰Po 251 
deposited on the discs were determined by alpha spectrometry using an ALPHA DUO system 252 
(ORTEC AMETEK) equipped with PIPS silicon detectors. The ²¹⁰Pb activity concentration was 253 
calculated from the ²¹⁰Po activity, assuming secular equilibrium between the two radionuclides, 254 
and was corrected for the individual recovery of the ²⁰⁹Po tracer. To perform the interlaboratory 255 
comparison under the same reference conditions, the activity concentrations determined by both 256 
laboratories were decay-corrected to the sediment-core sampling date and expressed on a dry-257 
mass basis. 258 

Determination of supported ²¹⁰Pb and calculation of excess ²¹⁰Pb 259 

The activity concentration of ²²⁶Ra was determined by gamma spectrometry at the International 260 
Atomic Energy Agency Marine Environment Laboratories (IAEA-MEL), Monaco, using a 261 
well-type high-purity germanium (HPGe) detector identified as D70. Five sections of core 262 
ELS7011-BJ-Z3N5, corresponding to depths of 5, 16, 26, 36, and 46 cm, were analyzed. For 263 
the measurements, between 5.4384 and 5.9179 g of dry sediment were used and placed in 264 
containers corresponding to calibration geometry 6. Counting times ranged from 1.25–6.02 265 
days. Before the measurements, the containers were sealed and left undisturbed for 22 days to 266 
promote the establishment of radioactive equilibrium between ²²⁶Ra and its short-lived 267 
descendants following ²²²Rn. The activity concentration of ²²⁶Ra was estimated from the ²¹⁴Pb 268 
gamma lines at 295.21 and 351.92 keV, with emission probabilities of 19.2 and 37.2%, 269 
respectively. 270 

 For each section, the activity concentration corresponding to each line was calculated, and their 271 
mean was used as an estimator of ²²⁶Ra activity. The ²²⁶Ra activity concentrations determined 272 
in the five sections ranged between 7.87 ± 0.06 and 10.21 ± 0.46 Bq kg⁻¹. The arithmetic mean 273 
was 9.52 Bq kg⁻¹, with a standard deviation of 0.97 Bq kg⁻¹ and a standard error of the mean of 274 
0.43 Bq kg⁻¹. No significant linear trend was observed between ²²⁶Ra activity and depth (r = 275 
0.25; p = 0.69). Therefore, the mean value was used as a constant estimator of supported ²¹⁰Pb 276 
activity in the 46 core sections. 277 

The excess ²¹⁰Pb activity concentration was calculated for each section as the difference 278 
between the total ²¹⁰Pb activity and the mean ²²⁶Ra activity [19]: 279 ܣ(210Pb௘௫) = (210Pb௧௢௧௔௟)ܣ − ‾ܣ (226Ra) (3) 281 
 280 
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Statistical analysis and application of the CF–CS model 282 

The analyses were performed using Microsoft Excel and scripts developed in Python with the 283 
NumPy and SciPy libraries. Excel was used for descriptive statistics and the one-way ANOVA 284 
applied to the hotplate zones, whereas Python was used for compatibility tests, correlation, 285 
regressions, and calculations derived from the CF–CS model. Measurement uncertainties were 286 
treated as standard uncertainties (݇ = 1), and a significance level of ߙ = 0.05 was adopted. 287 

The compatibility between the activity concentrations determined by LABTOX-UES and 288 
IAEA-MEL was evaluated individually for each section using a ݖ-statistic calculated from the 289 
difference between both results and their combined standard uncertainty [9]: 290 ݖ௜ = LAB,௜ܣ − LAB,௜2ݑ√IAEA,௜ܣ + IAEA,௜2ݑ (4)

 297 

where ܣ௜and ݑ௜represent the activity concentration and its standard uncertainty, respectively. 291 
The pairs were considered compatible when ∣ ௜ݖ ∣≤ 1.96and ݌ ≥ 0.05. The association 292 
between both datasets was evaluated using Spearman’s correlation coefficient. In addition, a 293 
York regression was applied, considering the uncertainties of both variables and zero 294 
correlation between them. The slope was compared with unity and the intercept with zero; 295 
confidence intervals and probabilities were calculated using the unrounded parameter values. 296 

To apply the CF–CS model, ln(²¹⁰Pbₑₓ) was plotted against mean mass depth. Owing to the 298 
visible change in the profile slope, two common segments were defined for both laboratories: 299 
0.4–12.7 and 13.6–52.1 g cm⁻². This division was kept identical to avoid selecting different 300 
intervals for each dataset. A weighted linear regression was applied to each segment, using 301 ݓ௜ = lnݑ/1 ஺,௜2 as weights. Goodness of fit was evaluated using [20]: 302 

߯2 = ∑ ௜ݕ) − ௬೔2ݑ௜)2ݕ̂
௡

௜=1 ,  ߯ఔ2 = ߯2݊ − 2 (5) 306 

The value of ݌ ≥ 0.05 was interpreted as an absence of statistical evidence of lack of fit, but 303 
not as proof that the model was fulfilled. The slopes obtained by the two laboratories were 304 
compared using a two-sided ݖ-test [9]: 305 ݖ = ݉LAB − ݉IAEA√ݑ௠,LAB2 + ௠,IAEA2ݑ (6)

 309 

The mass accumulation rates (MAR) and sediment accumulation rates (SAR) were calculated 307 
from the slopes with respect to mass depth (݉ெ) and linear depth (݉௭), respectively [19]: 308 MAR = ∣ߣ ݉ெ ∣ ,  SAR = ∣ߣ ݉௭ ∣ (7) 312 

where ߣ = 0.03114 yr−1is the decay constant of ²¹⁰Pb. The uncertainties were estimated by 310 
first-order propagation: 311 ݑ(MAR) = MAR ∣(ெ݉)ݑ ݉ெ ∣ , (SAR)ݑ  = SAR ∣(௭݉)ݑ ݉௭ ∣ (8) 313 

neglecting the uncertainty in ߣ. The rates obtained by both laboratories were compared using 314 
the same ݖ-test, based on the unrounded values. 315 

RESULTS AND DISCUSSION 316 
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Identification of thermal gradients 317 

An essential step before initiating the digestion of samples intended for the estimation of ²¹⁰Pb 318 
activity concentration by alpha spectrometry is to ensure the thermal homogeneity of the 319 
hotplate or, failing that, to identify possible heterogeneities in its surface temperature. For this 320 
purpose, Fig. 5 presents a two-dimensional map of the surface temperature obtained from 321 
systematic measurements in the different sections of the hotplate, which reveals clearly 322 
heterogeneous thermal pattern across the surface of the hotplate. 323 

 324 

The highest temperatures were concentrated mainly in the inner regions of the heating surface, 325 
approximately between X = 5–20 cm and Y = 5–20 cm, where values ranging from 91.3 to 326 
103.6 °C were recorded. Within this region, two areas of higher temperature were observed, 327 
located approximately around X = 7.5 cm and X = 18 cm, with temperatures close to or above 328 
100 °C. In contrast, a progressive decrease in temperature was observed toward the periphery 329 
of the surface. This decrease was more pronounced toward the upper edge (Y = 20–25 cm), 330 
where the lowest temperatures were recorded, with minimum values of approximately 47.1–331 
51.7 °C. The lateral edges and areas near the corners also showed temperatures lower than those 332 
observed in the inner regions, predominantly within the range of 71–88 °C. Overall, the thermal 333 
map reveals a spatial temperature gradient from the inner regions toward the edges of the 334 
hotplate, with greater thermal uniformity in the central region and decreasing temperature 335 
toward the periphery. 336 

Fig. 5. Two-dimensional map of the surface temperature distribution (°C) of the IKA C-MAG HP 

10 hotplate. The color scale represents the spatial distribution of temperature across the heating 

surface. 
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The one-way analysis of variance showed statistically significant differences among the mean 337 
temperatures of the three evaluated zones (݌ = 9.09 × 10−7). Therefore, the null hypothesis of 338 
equality of means was rejected, and it was concluded that at least one of the zones had a different 339 
mean temperature. Because no subsequent multiple comparisons were performed, the ANOVA 340 
result does not allow statistical identification of which pairs of zones differed from each other. 341 
Nevertheless, the thermal map and descriptive statistics showed that the central region had 342 
temperatures closer to the set value and lower dispersion than the peripheral regions. 343 

Additionally, the spatial temperature differences observed in the two-dimensional map were 344 
examined using the box plot presented in Fig. 6 to compare the distribution, central tendency, 345 
and dispersion of the temperatures recorded in each zone. As shown in Fig. 6, the central zone 346 
exhibited the highest temperatures, with a mean of 98.08 °C and a median of 97.20 °C, while 347 
the central 50% of the data ranged from 93.70 to 103.00 °C (Q1–Q3). Group 1 showed 348 
intermediate values, with a mean of 79.06 °C, a median of 83.60 °C, and an interquartile range 349 
between 77.00 and 87.23 °C. In contrast, Group 2 recorded the lowest temperatures and the 350 
greatest dispersion, with a mean of 61.33 °C, a median of 59.20 °C, and Q1 and Q3 values of 351 
53.13 and 71.43 °C, respectively. 352 

Overall, the descriptive statistics revealed differences in the thermal distribution among the 353 
evaluated zones. The central region showed the lowest temperature dispersion, followed by 354 
Group 1, whereas Group 2 exhibited the greatest variability. This behavior was consistent with 355 
the spatial pattern observed in the two-dimensional temperature map. 356 

Consequently, the central region of the hotplate was selected for positioning the vessels during 357 
digestion because it exhibited surface temperatures closer to the set value of 100 °C and lower 358 
spatial variability. This selection reduced the potential variability associated with the position 359 
of the vessels on the heating surface. However, because the characterization was performed at 360 
100 °C without vessels, samples, or reagents, the results describe only the surface temperature 361 
distribution of the hotplate under the test conditions and do not directly represent the internal 362 
temperature reached by the mixtures during digestion at 150 °C. Therefore, this test was used 363 

Fig. 6. Box plots for the hotplate groups at 100 °C (IKA C-MAG HP 10 hotplate). The central 

horizontal line represents the median, the height of the box corresponds to the interquartile 

range (Q1–Q3), and the whiskers show the data range. The diamond indicates the arithmetic 

mean of each group, and the individual points represent outliers. 
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as an operational criterion for selecting the most uniform region of the hotplate and was not 364 
considered a measurement of the effective digestion temperature. This control represents a 365 
relevant aspect of the analytical procedure because selecting a more thermally uniform surface 366 
region may promote greater reproducibility in vessel positioning and heating. 367 

Instrumental background and blanks used in the ²¹⁰Pb analysis 368 

A fundamental step before measuring ²¹⁰Po activity concentrations is determining the 369 
background of the measurement system (ALPHA DUO alpha spectrometer, ORTEC 370 
AMETEK). The samples were measured until approximately 400 counts were reached, 371 
corresponding to a relative uncertainty of 5%. On average, the measurement times were 3 days 372 
for the upper sections and 8 days for the lower sections. Consequently, a measurement time of 373 
8 days was used to determine the background. Background measurement makes it possible to 374 
characterize the statistical fluctuations of the detection system and provides the basis for 375 
estimating the detection limit (ܮ஽). This represents the minimum true net signal that can be 376 
detected with specified probabilities of committing false-positive and false-negative errors. The 377 
detection limit, expressed in net counts, was calculated using the Currie approximation [21]: 378 ܮ஽ = 2.71 + ܤ√4.65 (9) 379 

 380 
where ܮ஽is the detection limit expressed in net counts and ܤis the number of background counts 381 
recorded over a measurement time equal to that used for the sample. This expression 382 
corresponds to type I and type II error probabilities of 0.05 (ߙ = ߚ = 0.05). Under the normal 383 
approximation to the Poisson distribution, the value 2.71 is related to ݇2, whereas the 384 
coefficient 4.65 incorporates the one-sided normal quantile ݇ = 1.645 and the combined 385 
variability associated with sample and background counting. The background count rates 386 
ranged from 0.34 to 2.04 counts d⁻¹ in the ²¹⁰Po region of interest and from 0.91 to 3.40 counts 387 
d⁻¹ in the ²⁰⁹Po region (Table 1). All values were below the acceptance criterion of 24 counts 388 
d⁻¹ established in the equipment manual [22]. Detector 3 showed the highest background count 389 
rates in both regions of interest, with 2.04 ± 0.48 counts d⁻¹ for ²¹⁰Po and 3.40 ± 0.62 counts d⁻¹ 390 
for ²⁰⁹Po. The latter value represented approximately 14% of the limit established by the 391 
manufacturer. 392 

Table 1. Characterization of the measurement-system background and equipment detection 393 
limits. 394 

 395 

The analytical blanks showed apparent ²¹⁰Po activity concentrations on the order of 10⁻⁴ Bq 396 
kg⁻¹, with a mean of (0.50 ± 0.25) × 10⁻⁴ Bq kg⁻¹. In several cases, the values were comparable 397 
to their associated uncertainties and several orders of magnitude lower than the minimum 398 
detectable activities (MDAs) of the detectors (Table 2). This indicates a low contribution from 399 
the reagents and preparation stages susceptible to introducing contamination, such as digestion, 400 

Detector 
 

²¹⁰Po ܮ஽(counts) 
 

 
²⁰⁹Po ܮ஽(counts) 

 

²¹⁰Po count rate 
(counts d⁻¹) 

 

²⁰⁹Po count rate 
(counts d⁻¹) 

 
1 13 16 0.57 ± 0.25 0.91 ± 0.32 

2 11 24 0.34 ± 0.20 2.38 ± 0.52 

3 22 28 2.04 ± 0.48 3.40 ± 0.62 
4 12 17 0.45 ± 0.23 1.13 ± 0.36 
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evaporation, transfers, and spontaneous deposition onto silver [6,7]. Potential polonium losses 401 
were evaluated independently through the recovery of the ²⁰⁹Po tracer. The MDAs of the four 402 
detectors ranged from 0.22 to 0.46 Bq kg⁻¹. Detector 3 exhibited the highest value, consistent 403 
with its higher background count rate. Nevertheless, all MDAs were lower than the activities 404 
determined in the sediment samples, demonstrating that the sensitivity of the system was 405 
adequate for the analyzed range. 406 

Table 2. Results of the analytical blanks for the determination of ²¹⁰Pb through the measurement 407 
of ²¹⁰Po by alpha spectrometry and estimation of the minimum detectable activity (MDA). 408 

 409 

Overall, these results validate the application of background corrections and ensure the 410 
reliability of the activity concentrations determined in the sediment samples analyzed. 411 

Quality control of the ²¹⁰Pb analysis 412 

The IAEA-412 reference material was analyzed through ten independent determinations to 413 
evaluate the agreement and repeatability of the procedure in a sedimentary matrix. The 414 
individual results were compared with the reference value corrected for radioactive decay to 415 
the measurement date, corresponding to November 18, 2025 (Table 3). The activity 416 
concentrations obtained ranged from 71.00 ± 5.00 to 83.30 ± 5.90 Bq kg⁻¹. The absolute relative 417 
differences with respect to the reference value ranged from 0.03 to 9.00%; therefore, all ten 418 
determinations met the adopted criterion of an absolute relative difference ≤10%. The ζ-scores 419 
ranged from −0.96 to 1.05 and, in all cases, the condition |ζ| ≤ 2 was met. This indicates that 420 
the experimental results were compatible with the reference value, considering the associated 421 
standard uncertainties.  422 

Table 3. Results of the quality control of the procedure for the indirect determination of ²¹⁰Pb 423 
by alpha spectrometry of ²¹⁰Po in the IAEA-412 reference material 424 

Code 
Measured activity 

(Bq kg⁻¹) 
Reference activity (Bq 

kg⁻¹) 

Absolute 
relative 

difference (%) 
ζ 

IAEA-412-R1 79.80 ± 5.80 76.50 ± 2.80 4.32 0.52 

IAEA-412-R2 81.20 ± 6.00 76.50 ± 2.80 6.22 0.72 

IAEA-412-R3 76.40 ± 5.60 76.50 ± 2.80 0.03 0.00 

Sample code Blank activity concentration  Detector MDA of ²¹⁰Po 

 (×10⁻⁴ Bq kg⁻¹)  (Bq kg⁻¹) 
Blank R1 1.40 ± 0.66  

1 
 

0.27  Blank R2 0.07 ± 0.33 

Blank R3 0.98 ± 0.43  
2 

 
0.22  Blank R4 0.20 ± 0.49 

Blank R5 0.33 ± 0.30  
3 

 
0.46  Blank R6 0.02 ± 0.21 

 
Mean 

 
0.50 ± 0.25 

 
4 

 
0.25  
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IAEA-412-R4 71.90 ± 5.20 76.50 ± 2.80 5.93 -0.77 

IAEA-412-R5 76.50 ± 3.80 76.50 ± 2.80 0.03 0.00 

IAEA-412-R6 72.70 ± 4.10 76.50 ± 2.80 4.89 -0.76 

IAEA-412-R7 77.70 ± 3.90 76.50 ± 2.80 1.62 0.26 

IAEA-412-R8 74.20 ± 4.90 76.50 ± 2.80 2.89 -0.39 

IAEA-412-R9 83.30 ± 5.90 76.50 ± 2.80 9.00 1.05 

IAEA-412-R10 71.00 ± 5.00 76.50 ± 2.80 7.19 -0.96 

Mean 76.47 ± 2.94ᵃ 76.50 ± 2.80 0.03 0.01 

Note: The uncertainties of the individual determinations and the reference value were treated 425 
as standard uncertainties (݇ = 1). ᵃThe value reported for the mean corresponds to the 95% 426 
confidence interval (݊ = 10). 427 

The mean activity concentration was 76.47 Bq kg⁻¹, with a repeatability standard deviation (ݏ௥) 428 
of 4.11 Bq kg⁻¹ and a relative standard deviation (RSD) of 5.37%. The 95% confidence interval 429 
for the mean was 76.47 ± 2.94 Bq kg⁻¹ (݊ = 10), in agreement with the corrected reference 430 
value of 76.50 ± 2.80 Bq kg⁻¹. The absolute bias was 0.03 Bq kg⁻¹, the relative bias was 0.04%, 431 
and the recovery relative to the reference value was 99.96%. Overall, these results provided 432 
evidence of satisfactory agreement and repeatability for the reference material and the analytical 433 
conditions evaluated. 434 

Chemical recovery of the tracer in the ²¹⁰Pb analysis 435 

The chemical recovery (ܴ) was calculated from the activity of the added tracer, the net count 436 
rate of the corresponding peak, and the detection efficiency (ߝ). Although recovery is not 437 
directly required to calculate the activity concentration in isotope-dilution alpha spectrometry, 438 
its determination made it possible to evaluate the overall performance of the analytical 439 
procedure and verify the absence of significant losses or systematic biases during the different 440 
stages of the radiochemical treatment. Recovery was estimated according to the following 441 
expression [8]: 442 ܴ = ܴீ் − ܴ஻்்ܣ ⋅ ்݉ ⋅ ߝ ⋅ exp(்ݐ்ߣ) (10) 444 

 443 

where ܴீ் and ܴ஻்correspond to the tracer and background count rates in the ²⁰⁹Po region of 445 
interest, respectively; ்ܣ  is the specific activity of the added tracer; ்݉, the mass of tracer 446 
added; ߝ, the detection efficiency; and ்ߣ, the decay constant of the tracer for an elapsed time 447 ்ݐ. The uncertainty in recovery was obtained by propagating the standard uncertainties of the 448 
variables involved. 449 

The ²⁰⁹Po chemical-recovery graph shows that the values obtained during application of the 450 
analytical procedure ranged approximately from 61 to 79% (Fig. 7). The mean recovery was 73 451 
± 4%, where ߪ = 4% corresponds to the standard deviation of the determinations. The lines 452 
corresponding to the mean ± 2σ defined an approximate interval from 65.30 to 80.40%, within 453 
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which most of the determinations were located. Some recoveries below this interval were 454 
observed, particularly values close to 61–62%. In general, the recovery values were distributed 455 
around the mean, although some determinations fell outside the interval defined by ± 2σ. The 456 
error bars associated with each point represent the uncertainties corresponding to the individual 457 
chemical recoveries. The variability observed in ²⁰⁹Po recovery may be associated with the 458 
cumulative yield of the different stages that comprise the radiochemical procedure. During 459 
sample preparation, partial polonium losses may occur during stages such as digestion of the 460 
sedimentary matrix, transfers between vessels, subsequent chemical treatments, and, finally, 461 
the spontaneous deposition of Po onto silver discs. Consequently, a recovery below 100% does 462 
not necessarily imply inadequate performance of the procedure but rather reflects the fraction 463 
of the tracer that was effectively recovered and quantified after completion of all analytical 464 
stages. Differences among determinations may be related to small variations in these 465 
experimental stages and to the specific conditions of each sample. 466 

Recovery below 100% may be related to the cumulative yield of digestion, evaporation, 467 
transfers, and spontaneous polonium deposition onto silver discs [6, 7]. However, in an isotope-468 
dilution procedure, quantitative recovery is not essential, provided that the tracer is added 469 
before the critical stages, its recovery is determined individually, and ²⁰⁹Po and ²¹⁰Po exhibit 470 
equivalent chemical behavior [16]. In this study, the stability of the recoveries and their low 471 
relative dispersion support the consistency of the radiochemical preparation. Individual losses 472 
were corrected using the ²⁰⁹Po tracer, whereas the lower recoveries were reflected mainly in 473 
increased counting times and associated uncertainties. 474 

 475 

 476 

 477 

 478 

Fig. 7. Chemical recovery of the ²⁰⁹Po tracer for the sediment sections analyzed. The points and 
error bars represent the individual recoveries and their associated uncertainties, respectively. 

The dashed red line indicates the mean recovery (73%), and the dashed green lines correspond 

to the mean ± 2 SD. The coefficient of variation of the recoveries was approximately 5%. 
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²¹⁰Pb activity concentration in sediment core ELS7011-BJ-Z3N5 479 

 The activity concentration of ²¹⁰Pb in samples from the ELS7011-BJ-Z3N5 sediment core was 480 
determined at LABTOX-UES by alpha spectrometry (ALPHA DUO, AMETEK ORTEC) 481 
through measurement of its daughter radionuclide ²¹⁰Po, assuming radioactive equilibrium 482 
between the two radionuclides. The total ²¹⁰Pb profiles obtained by LABTOX-UES and IAEA-483 
MEL are presented in Fig. 8A. Activity concentrations determined by LABTOX-UES ranged 484 
from 14.00 to 31.40 Bq kg⁻¹, whereas those obtained by IAEA-MEL ranged from 15.30 to 32.30 485 
Bq kg⁻¹. In both profiles, activity generally decreased with increasing depth. The absolute 486 
uncertainties associated with the activity concentrations determined by both laboratories ranged 487 
from 0.70 to 2.10 Bq kg⁻¹. In relative terms, uncertainties ranged from approximately 3.30 to 488 
6.80% for IAEA-MEL and from 4.90 to 7.00% for LABTOX-UES, showing similar ranges of 489 
relative uncertainty for the two sets of measurements. 490 

The ²²⁶Ra activity concentrations were determined in five sections distributed between 5 and 46 491 
cm depth. The values ranged from 7.87 ± 0.06 to 10.21 ± 0.46 Bq kg⁻¹. The mean activity was 492 
9.52 ± 0.49 Bq kg⁻¹, where the value reported after the ± sign corresponds to the 68% confidence 493 
interval for the mean, calculated using the student’s ݐ-distribution (݊ = 5). The standard 494 
deviation among the sections was 0.97 Bq kg⁻¹, equivalent to an RSD of 10.16%. The 495 
uncertainties of excess ²¹⁰Pb were obtained by propagating the standard uncertainties associated 496 
with the total ²¹⁰Pb and ²²⁶Ra activities and were subsequently propagated to calculate the 497 
uncertainty of ln(²¹⁰Pbₑₓ) used in the weighted regressions. 498 

The linear regression between ²²⁶Ra activity concentration and depth showed no significant 499 
trend (ݎ = ݌ ;0.25 = 0.69). Because no systematic variation with depth was observed, the 500 
mean value of 9.52 Bq kg⁻¹ was used as a constant estimator of supported ²¹⁰Pb activity in all 501 

Fig. 8. Comparison of total ²¹⁰Pb activity concentrations in core ELS7011-BJ-Z3N5 determined by 

IAEA-MEL and LABTOX-UES: (A) vertical profiles and (B) linear regression between 

laboratories. 
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46 core sections. Nevertheless, this approximation should be interpreted considering that only 502 
five core sections were analyzed by gamma spectrometry. 503 

Table 4. ²²⁶Ra activity concentrations determined from the ²¹⁴Pb gamma lines in five sections 504 
of core ELS7011-BJ-Z3N5. 505 

Depth (cm) Mass (g) Time (days) ²²⁶Ra (Bq kg⁻¹) 
5 5.4384 3.03 10.21 ± 0.46 

16 5.7546 1.96 7.87 ± 0.06 

26 5.9179 6.02 9.48 ± 0.07 

36 5.8411 1.25 10.17 ± 1.44 

46 5.8217 1.97 9.86 ± 1.04 

Media — — 9.52 ± 0.49ᵃ 
ᵃ68% confidence interval of the mean calculated using Student’s ݐ-distribution (݊ = 5). The 506 
standard deviation among the sections was 0.97 Bq kg⁻¹. 507 

Compatibility was assessed for each measurement pair using a z-test that incorporated the 508 
uncertainties of both results. Of the 46 pairs, 37 (80.4%) did not differ significantly (p > 0.05; 509 
|z| < 1.96), indicating that the LABTOX-UES and IAEA-MEL results were compatible within 510 
their reported analytical uncertainties for most sections. No significant differences occurred 511 
between 1 and 20 cm. The remaining nine pairs (19.6%) differed significantly (p < 0.05; |z| > 512 
1.96) at depths of 24, 36, 42, 44, 50, 53, 59, 62, and 71 cm. In every case, LABTOX-UES 513 
reported lower activity concentrations than IAEA-MEL. This consistent direction may indicate 514 
a negative bias in some sections. 515 

Subsequently, the linear relationship between the activity concentrations determined by both 516 
laboratories was evaluated (Fig. 8B). As a first step, Spearman’s correlation test was applied, 517 
which showed a strong, positive, and statistically significant monotonic association between 518 
both sets of measurements (ݎ௦ = ݌ ;0.90 < 0.001; ݊ = 46). This result indicates that the two 519 
laboratories reproduced the variation in ²¹⁰Pb activity along the core in a similar manner; that 520 
is, sections with high activities at IAEA-MEL also tended to exhibit high activities at 521 
LABTOX-UES, and vice versa. A York regression was also applied [23], considering the 522 
activity concentrations determined by IAEA-MEL as the independent variable and those 523 
obtained by LABTOX-UES as the dependent variable. This fit incorporated the individual 524 
uncertainties associated with the measures from both laboratories. The resulting equation was: 525 ܣLABTOX−UES = IAEA−MELܣ (1.133) − 4.811 (11) 526 

The activity concentrations and intercept are expressed in Bq kg⁻¹, whereas the slope is 527 
dimensionless. The estimated slope was b = 1.133 ± 0.070 (standard uncertainty, k = 1), with 528 
an approximate 95% confidence interval ranging from 0.995 to 1.271. Although the estimated 529 
slope deviated from unity by approximately 13.3%, this difference was not statistically 530 
significant (p ≈ 0.060, two-sided test using a normal approximation). Therefore, the slope was 531 
compatible with unity within the uncertainty of the fit. However, this result alone does not 532 
demonstrate equality between the measurements obtained by the two laboratories. 533 

The intercept was negative, and its approximate 95% confidence interval excluded zero (a = 534 
−4.81 ± 1.57 Bq kg⁻¹, standard uncertainty, k = 1; 95% CI: −7.89 to −1.73 Bq kg⁻¹; p = 0.0022, 535 
two-sided test using a normal approximation). Furthermore, the fitted line lay below the identity 536 
line (Y = X) over the range of IAEA-MEL activity concentrations examined, from 15.3 to 32.3 537 
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Bq kg⁻¹. This behavior indicates a tendency for LABTOX-UES to obtain lower activity 538 
concentrations than IAEA-MEL. This interpretation is consistent with the observed mean 539 
difference between the two measurement datasets of −1.67 Bq kg⁻¹ and the mean symmetric 540 
relative difference of −8.15%. Nevertheless, the intercept should be interpreted cautiously 541 
because it represents the predicted value when the IAEA-MEL activity concentration is zero, 542 
which lies outside the experimental range. 543 

The fit yielded a reduced chi-square value close to unity (χ²red = 1.06) and a goodness-of-fit p-544 
value of 0.371 (χ² = 46.48, ν = 44 degrees of freedom). Under the assumptions of normally 545 
distributed errors, independent measurement pairs, and uncorrelated errors between the two 546 
laboratories within each pair (rᵢ = 0), these results indicate that the scatter around the fitted line 547 
is compatible with the analytical uncertainties considered, with no statistically significant 548 
evidence of lack of fit. Nevertheless, the distribution of the points relative to the identity line 549 
shows that the differences between the laboratories varied among the sections. 550 

Estimation of mass accumulation and sediment accumulation rates using the CF–CS 551 
model 552 

From the activity concentrations obtained, excess ²¹⁰Pb was estimated as the difference between 553 
total ²¹⁰Pb and ²²⁶Ra activities, using the latter as an estimator of supported ²¹⁰Pb under the 554 
assumption of secular equilibrium. Subsequently, the distribution of ln(²¹⁰Pbₑₓ) as a function of 555 
cumulative mean mass depth was examined according to the constant flux–constant 556 
sedimentation (CF–CS) model described by Sánchez-Cabeza et al. [19]. 557 

The profile showed two intervals with distinct linear behaviors; therefore, a segmented fit was 558 
applied independently to the activities determined by LABTOX-UES and IAEA-MEL. The first 559 
segment corresponded to the surface interval, where the most pronounced decrease in excess 560 
²¹⁰Pb activity was observed, whereas the second comprised the subsurface and deep sections, 561 
which were characterized by a more gradual decrease. For each section, the natural logarithm 562 
of the excess ²¹⁰Pb activity concentration was calculated and plotted as a function of cumulative 563 
mean mass depth. The mass depth of each section was determined from its dry mass and the 564 
cross-sectional area of the core, whereas the mean mass depth was calculated as the midpoint 565 
between the upper and lower mass-depth boundaries of each interval. Similarly, the mean linear 566 
depth was established as the midpoint between the upper and lower boundaries of each sediment 567 
section. The fits obtained for both sets of measurements are presented in Fig. 9. 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 
Fig. 9. Segmented weighted linear regressions of ܖܔ(૛૚૙  as a function of mean cumulative(࢞ࢋ܊۾

mass depth for the activity concentrations determined by IAEA-MEL (C) and LABTOX-UES (D). 
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 580 

 581 

The relationships between ln(²¹⁰Pbₑₓ) and mass depth showed negative slopes in both datasets, 582 
consistent with the decrease in excess ²¹⁰Pb activity toward the deeper core sections. Because 583 
the observations had different uncertainties, the parameters were estimated using weighted 584 
linear regressions, with the inverse of the variance of ln(²¹⁰Pbₑₓ) used as weights. In the first 585 
segment, the slopes obtained for IAEA-MEL and LABTOX-UES were −0.043 ± 0.006 and 586 
−0.047 ± 0.006 cm² g⁻¹, respectively, whereas the intercepts were 3.172 ± 0.046 and 3.156 ± 587 
0.046. Although the slope estimated for LABTOX-UES was approximately 9.30% greater in 588 
magnitude, the difference between the two slopes was not statistically significant (ݖ = ݌ 589 ;0.52− = 0.602). This suggests that both datasets described comparable excess ²¹⁰Pb decrease 590 
gradients within this interval. 591 

Goodness of fit was evaluated using the chi-square statistic. For the first segment, values of 592 ߯ఔ2 = 0.75and ݌ = 0.760were obtained for IAEA-MEL, and ߯ఔ2 = 1.43 and ݌ = 0.108for 593 
LABTOX-UES. In both cases, the ݌-values were greater than 0.05; therefore, insufficient 594 
statistical evidence was found to reject the linear relationship, considering the analytical 595 
uncertainties used. Likewise, the paired comparison between the results from both laboratories 596 
yielded ߯ ఔ2 = 0.68and ݌ = 0.855, indicating that the differences observed in this segment were, 597 
overall, compatible with the standard uncertainties. 598 

In the second segment, the weighted slopes were less steep, with values of −0.014 ± 0.002 cm² 599 
g⁻¹ for IAEA-MEL and −0.020 ± 0.002 cm² g⁻¹ for LABTOX-UES. The lower magnitude of 600 
these slopes compared with those obtained in the first segment represents a more gradual 601 
decrease in ln(²¹⁰Pbₑₓ) with increasing mass depth. The difference between the slopes 602 
approached the conventional significance level, although it was not statistically significant (ݖ ݌ ;1.91− 603= = 0.056). 604 

Despite the decreasing trend, the reduced chi-square values for the second segment were ߯ఔ2 =605 1.96for IAEA-MEL and ߯ఔ2 = 2.13 for LABTOX-UES, with probabilities of ݌ = 0.0034 and 606 ݌ = 0.0010, respectively. These results indicate that the dispersion of the activities around the 607 
fitted lines was greater than expected based on the analytical uncertainties. In addition, the 608 
paired comparison between laboratories showed limited compatibility within this interval 609 
(߯ఔ2 = ݌ ;2.63 < 0.001). Therefore, the interpretation of the second segment under the 610 
assumptions of constant flux and constant accumulation should be made with caution. 611 

The slopes of the first segment, whose fits were compatible with the analytical uncertainties, 612 
were used to estimate the mean mass accumulation and sediment accumulation rates using the 613 
CF–CS model. MAR was calculated from the slope of ln(²¹⁰Pbₑₓ) with respect to mass depth, 614 
whereas SAR was estimated using the slope corresponding to mean linear depth. The results 615 
obtained for both laboratories and their comparison using a ݖ-test are presented in Table 5. 616 

Table 5. Comparison of the mean mass accumulation and sediment accumulation rates 617 
estimated from the IAEA-MEL and LABTOX-UES results. 618 

Parameter IAEA-MEL LABTOX-UES Absolute 
difference 

 ݌ ݖ

MAR (g cm⁻² year⁻¹) 0.72 ± 0.10 0.66 ± 0.08 0.07 0.52 0.61 

SAR (cm year⁻¹) 1.14 ± 0.16 1.03 ± 0.13 0.11 0.50 0.62 

 619 



 

20 
 

As shown in Table 5, the rates estimated from the IAEA-MEL results were nominally higher 620 
than those obtained using the LABTOX-UES data. The absolute differences, calculated using 621 
the unrounded values, were 0.07 g cm⁻² yr⁻¹ for the mass accumulation rate and 0.11 cm yr⁻¹ 622 
for the sediment accumulation rate. However, the two-sided z-test showed no statistically 623 
significant differences for either MAR (z = 0.52; p = 0.61) or SAR (z = 0.50; p = 0.62). In both 624 
cases, the absolute z values were below the critical value of 1.96, and the probabilities were 625 
greater than 0.05; therefore, the observed differences were compatible with the combined 626 
standard uncertainties. 627 

Overall, the similarity between the weighted slopes of the first segment, the absence of 628 
significant differences between the rates, and the results of the goodness-of-fit tests suggest 629 
general consistency between the estimates derived from the two datasets. Nevertheless, these 630 
results do not demonstrate that the rates are identical, but rather that the observed differences 631 
were not sufficiently large relative to their uncertainties to establish a statistically significant 632 
difference. In contrast, the lack of fit identified in the second segment limits the interpretation 633 
of the rates that could be derived from that interval; therefore, it was considered more 634 
appropriate to use only the first segment to estimate and compare MAR and SAR. 635 

Conclusions 636 

The adapted procedure allowed the indirect determination of ²¹⁰Pb activity by alpha 637 
spectrometry of ²¹⁰Po under controlled analytical conditions. The low blank contribution, 638 
minimum detectable activities of 0.22–0.46 Bq kg⁻¹, relatively stable chemical recovery of the 639 
²⁰⁹Po tracer (73 ± 4 %), and agreement obtained for the IAEA-412 material provided evidence 640 
of satisfactory performance for the matrix and conditions evaluated. However, because the 641 
activity of the reference material was higher than that observed in the samples, these results 642 
alone do not constitute complete validation over the entire concentration range analyzed. 643 

The interlaboratory comparison showed that 37 of the 46 pairs of results (80.4 %) were 644 
statistically compatible and that the slope of the York regression was compatible with unity. 645 
Nevertheless, the negative intercept and the lower concentrations obtained by LABTOX-UES 646 
in nine sections preclude establishing complete analytical equivalence between the two 647 
laboratories. In the surface segment, the MAR and SAR estimates did not differ significantly, 648 
supporting the application of the procedure to estimate recent sediment accumulation rates; 649 
however, the lack of fit in the deep segment limits the application of the CF–CS model within 650 
that interval. 651 
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