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ABSTRACT

Multi-increment soil sampling is a methodology that allows evaluating environmental liability inside decision
unit, providing a representative aliquot for laboratory analysis with associated uncertainties lower than
conventional sampling. The literature has reported much works about environmental liabilities evaluation in soil
using multi-increment sampling however, for nuclear facilities soils are practically nonexistent. Therefore, aim of
this study was to determinate radionuclides concentration (by Gamma spectroscopy), major and minor
constituents (by X-ray fluorescence spectrometry) and metals (by Inductively Coupled Plasma-Atomic Emission
Spectrometry) in soils of nuclear material storage facilities in Nuclear and Energy Research Institute
(TIPEN/CNEN-SP) using multi-increment sampling. The natural radionuclides @'°Pb, 22°Ra, ??Ra, 23%U), major
and minor constituents (MgO, Al,O3, SiO,, P,0s, K0, Ca0, TiO,, and others) and metals (Cr, Fe, Co, Ni, Zn,
As, Pb, and other) were determined in 120 soil samples, in-depth between 0 and 150 mm at 30 quadrants. The
results showed specific activity of 57 + 16 Bq kg-1 (210Pb), 51 + 22 Bq kg-1 (226Ra), 81 + 12 Bq kg-1 (228Ra)
and 48 + 14 Bq kg-1 (238U), corresponding uncontaminated soil, according reference values. With regarding
metals concentration, results also were lower than values reference. The statistical tests showed that methodology
is efficient for environmental impact studies and monitoring programs and adequate to attend established
conditions in [IPEN-CNEN / SP environmental licensing.

1. INTRODUCTION

The environmental liability evaluation soil depends on several factors including planning and
sampling strategies. If these parameters making well establish we can have a representative and
economically feasible sample. The literature has reported that discrete sampling strategy, also
called individual sampling, allows a good evaluation of environmental liabilities. However, it
is very expensive since the cost is towering because a significant number of samples should be
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analyzed. Thus, an alternative to minimize costs in chemical analyzes is multi-increment
sampling [1].

Multi-increment sampling is a methodology that provides one representative and a reproducible
sample of elements and compounds average concentration at a given decision unit [2]. The
number of soil increments to be collected in each decision unit should be least 30, with mass
between five to fifty grams [3]. Each sample should be dried, desegregated and sieved [4].

The multi-increment sampling protocol described in document Incremental Sampling
Methodology and has been used for environmental evaluation of soil in several cases. However,
for liabilities of nuclear material are practically nonexistent [5].

In this context, aim this study was to compare discrete sampling with multi increment for
evaluation environmental liabilities of surface soil in sites that keep nuclear materials under
safeguard.

Thus, in soil samples collected at the adjacent area to nuclear materials deposit, under the
safeguard of the Nuclear and Energy Research Institute (IPEN/CNEN-SP) were determinate.
The major and minor constituents (Al,O3, Si02, P2Os, K>0, CaO, TiOz, Fe>0Os3 and others) by
Wavelength Dispersion X-ray Fluorescence spectrometer's (WDXRF), trace elements (Cr, Ni,
As, Pb and others) by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-OES)
and radionuclides (>!°Pb, 2?°Ra, 2**Ra and >**U) by gamma spectroscopy.

2. MATERIALS AND METHODS
2.1. Sampling

The sampling of soil was taking according to Manual de Gerenciamento de Areas
Contaminadas [4] and Protocolo de Orientagdo Técnica [5]. An area of 480 m?, adjacent to
nuclear material deposit, under safeguard protection of the Nuclear and Energy Research
Institute (IPEN/CNEN-SP), was divided into 30 equal parts, with 16 m? each. Using a stainless
steel manual sampler with 2.5 cm diameter and 10 cm depth, in each part four single samples
were collected named, I, IA, IB and IC, add up to 120 samples. The "I" samples was numbered
from 1 to 30 formed the individual set. The “IA” samples of each part were aggregated
producing a composed sample of 30 increments, named “MIA”. Likewise for “IB” and “IC”
producing “MIB” and “MIC” samples. All samples were identified and stored in zip lock bags.

In the laboratory, each sample was weighed and placed in an oven at 50 © C for 48 h, then
ground in an agate mortar and sieved to use fraction <2 mm. After the procedure, the composite
samples (MIA, MIB and MIC) was spread on a stainless steel tray and divided into 30 equal
parts. From each part, about 5 g of the sample was removed, which were also aggregated,
forming a new composite sample.

2.2. X-ray fluorescence analysis
The major and minor constituents analyzes (Al>O3, Si02, P2Os, K>O, CaO, TiO», Fe>O3) were

carried out using a wavelength dispersive X-ray fluorescence spectrometer (WDXRF)
procedure according to by Scapin et al. 2015 [6].
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2.3. ICP-OES analysis

The trace elements analysis (Li, Be, B, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, As, Sr, Mo, Ag, Cd, In,
Sn, Sb, Te, Ba, Ta, Hg, Pb Bi and U) were carried out using inductively coupled plasma source
atomic emission spectrometry (ICP-OES) procedure according SMWW 3120 b method (2012).

2.4. Radionuclides analysis

Using following methodologies by gamma spectroscopy the radionuclides were determined.
The direct calculation at peak of 186.2 keV considering the contribution of 23U at same peak
(185.7 keV) for 2*Ra isotope; Secular equilibrium with ?®Ac in HpGe coaxial detector for
228Ra isotope; Secular equilibrium with 2*Th in low energy detector HpGe for isotope 238U;
Direct determination at peak of 46.5 keV for the 2!°Pb isotope.

2.5. Statistical tools

The analytical results and comparison between individual sampling with multi-increment
sampling was evaluated through following statistical tests

a) Principal component analysis (PCA) - PCA was used to evaluate the variance between
individual samples with multi-increment. A matrix was constructed considering
individual samples (I-1 to I-30) and multi-increment (MIA, MIB and MIC) as variables
and respective analytical results obtained by WDXREF, ICP-OES and gamma
spectroscopy as cases, using Statistic 7.0 software. The variable values in reason of
having different units were standardized using "Standardizing Data" function, Eq.1.

Std. Score = (raw score - mean)/Std. deviation (1)
Subsequently, using "Main components & Classification analysis" and "Correlation" functions,
scores and cosine squares factor were calculated based on correlation for each variable. For
visualization of the variance was plotted the graph in 2D using larger weight factors.
b) The Chauvenet test was applied for the detection of the outliers, Eq. 2 [7].

|X; — X| >Kn=xs (2)

Where X; is a measured value, X is the average value, Knis the Chauvenet’s coefficient and
s is the standard deviation.

) After the exclusion of outliers, mean (X), standard deviation (o) and relative standard
deviation (RSD%) for compounds determined by WDXRF, ICP-OES and radionuclides
were calculated.

d) The comparison the individual samples mean with multi-increment was evaluated

through the Student's t-test and Pearson's correlation. The criterion of acceptability for the null
hypothesis was if t experimental < t theoretical the means are statistically equal.
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3. RESULTS AND DISCUSSION

3.1. PCA Analysis

The PCA analysis showed that two factors describe the correlation between individual samples
with multi-increment in terms of variance; Factor 1 (32%) and Factor 2 (26%). In Fig. 1 it can
be observed four distinct sets, "A" set with multi-increment samples (MIA, MIB and MIC) and
three ‘B”, “C”, and “D”, with individual samples. The “B” set showed major number samples
and intersected with “A” set, demonstrating homogeneity between the sets mentioned. In
addition, four samples excluded from the sets (I-29, I-16, I-4 and 1-24) it can be observed,
demonstrating probable outliers.
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Figure 1: Projection of all samples factor-plane (1x2)

The Chauvenet test applied for the detection of the outliers provided a new set with 15 samples.
The PCA applied on new set showed that two factors also describe the variance between
samples, Factor 1 (26%) and Factor 2 (21%). In Fig. 2, two sets of samples it can observe; "A"
set with 10 individual samples including the multi-increments (MIA, MIB, and MIC) and "B"
set made by only three samples. Two samples outside the sets (I-10 and I-11) it can also
observe. The comparison Fig. 1 and Fig. 2 show that the exclusion of outliers allowed reducing
sets number and have individual samples more representative. In addition, the multi-increment
samples (MIA, MIB, and MIC) present the same variance in both figures, demonstrating that
multi-increment sampling is representative for the evaluation of nuclear liabilities of the area
proposed in this study.
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Figure 2 - Projection of the factor plan after excluding outlier samples (1x2)

3.2. Analysis results by WDXRF

In Table 1, average contents (X + o) and relative standard deviation (RSD %) after exclusion
of the outliers for individual sample (I) and multi-increment (MI) sample, are presented for
ALO;s, SiO,, P20s, K20, CaO, TiOz and Fe;0s. In addition, an average of compounds for
individual sample (I) and multi-increment (MI) sample, loss on ignition (LOI), Pearson's
correlation (p) and t experimental and t theoretical calculated by Student's t-test for comparison of an
average between an individual with multi-increment samples.

The Pearson correlation value showed a perfect positive correlation (1.00), showing that in
terms of the major and minor constituents, the individual samples are statistically equal to the
multi-increment sample. The t experimentat vValue (0.03) was lower than t theoretical (2.31),
corroborated the Pearson correlation test that is, confirming the equality between the samples.

Table 1 — Results for an individual (I) and multi-increment (MI) samples by WDXRF

X+o (1) 0 X+o (MI) 0
Compound (%) RSD% (%) RSD%
Al203 32,6£0,7 2,1 32,5+0,5 1,4
SiO» 4342 5,3 44,2+0,3 0,7
P20s 0,11+0,02 20 0,11+0,01 10
K20 1,8+0,2 14 1,81+0,06 3
Ca0O 0,4+0,2 39 0,6+0,2 30
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TiO> 1,5+0,1 3 1,48+0,03 2
Fe203 7,2+0,3 4 7,0+0,3 5
LOI 13+2 14 11,7+0,6 )
average 11+16 144 11+16 147
p 1,00

t experimental 0,03

t theoretical 2,31

3.3. Analysis results by ICP-OES

The results obtained by inductively coupled plasma source atomic emission spectrometry (ICP-
OES) showed: Co <0.2 mg kg !, Li, Be, As, Se, Mo, Ag, Cd, In, Sn, Sb, Te, Ta, Hg Bi and U
< 5mg kg! for all individual (I) and multi-increment (MI) samples, lower than the detection
limit of the method (LQ).

In Table 2, average contents (X + o) and relative standard deviation (RSD %) after exclusion
of the outliers for individual sample (I) and multi-increment (MI) sample, are presented for B,
Na, Mg, V, Cr, Mn, Ni, Cu, Zn, Ga, Sr, Ba and Pb. In addition, an average of elements for
individual sample (I) and multi-increment (MI) sample, loss on ignition (LOI), Pearson's
correlation (p) and t experimental and t theoretical calculated by Student's t-test for comparison of an
average between an individual with multi-increment samples.

The Pearson correlation value showed a positive correlation (0.98), showing that in terms of
the trace elements, the individual samples also are statistically equal to the multi-increment
sample. The t experimentat Value (0.62) was also lower than t weoreticat (2.18) corroborated the
Pearson correlation test that is, confirming the equality between the samples.

Table 2 — Results for an individual (I) and multi-increment (MI) samples by ICP-OES

Elements  X+o (1) Xtc (M)

(mg kg RSD% (mg kg™ RSD%
B 23111 48 2743 11
Na 118+20 17 98+16 16
Mg 113+46 41 127+18 14
\ 34+11 34 30+2 8
Cr 1616 35 1312 13
Mn 30£19 62 3316 17
Ni 4+3 83 4+1 36
Cu 14+7 48 13+1 9
Zn 2519 36 21+4 19
Ga 10+3 29 9+1 11
Sr 5+2 34 4+1 18
Ba 15+6 37 163 17
Pb 157 45 10+2 19
average 32138 119 31+38 119
p 0,98
t experimental 0,62
{ theoretical 2,18
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3.3. Analysis results by Gamma spectroscopic

In Table 3, average contents (X =+ &) and relative standard deviation (RSD %) for individual
sample (I) and multi-increment (MI) sample, are presented for 2!°Pb, 2°Ra, 2?®Ra and 2**U. In
addition, an average of elements for individual sample (I) and multi-increment (MI) sample,
loss on ignition (LOI), Pearson's correlation (p) and t experimental and t theoretical calculated by
Student's t-test for comparison of an average between an individual with multi-increment
samples.

The Pearson correlation value showed a positive correlation (0.97), showing that in terms of
the radionuclides, the individual samples also are statistically equal to the multi-increment
sample. The t experimentat Value (1.46) was also lower than t weoreticat (3.18) corroborated the
Pearson correlation test that is, confirming the equality between the samples.

Table 3 — Results for an individual (I) and multi-increment (MI) samples by gamma
spectroscopy

Radionuclides  X+o (1) 0 Xtc (MI) 0
(Bq k) RSD% (Bq kg™ RDS%

210pp 62+13 21 58+6 10
226Ra 507 14 52+7 13
*2Ra 83+7 8 81+1 11
238y 56+10 19 4914 8
average 6314 22 60+15 25
p 0,97
t experimental 1,46
{ theoretical 3,18

4. CONCLUSIONS

The results showed that multi-increment sampling methodology provides a representative and
economically viable sample for the evaluation of nuclear soil liabilities. , since the levels of the
largest and smallest constituents, trace elements and natural radionuclides determined in the
individual samples are statistically the same determined in the multi-increment sample. The
contents of major and minor constituents, trace elements and natural radionuclides determined
at the individual samples are statistically equals as those determined in the multi-increment
sample. In addition, adjacent area to the nuclear material deposit, under the safeguard of
Nuclear and Energy Research Institute (IPEN-CNEN / SP), isn't impacted by radionuclides as
well as toxic metals since the determined contents are fewer guidelines established by
legislation [8, 9]. The multi-increment sampling methodology it can use to licensing of
polluting activities. Depending on the complexity of the impact caused it can use as a starting
point for more complex evaluations.
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