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ABSTRACT 

 
The nuclear technique Neutron Activation Analysis (NAA) has improved results in a wide range of research 

fields, since it is a sensitive technique to determine very low concentrations at the trace level in several 

matrices.The k0 standardized is a NAA method that has been outstanding in the last decades because there is not 

the inconvenience of using standards for the elements of interest in the analysis. This increases the accuracy of 

the method and decreases the uncertainties in the obtained results. In this assessment, the NAA was applied to 

determine the rare earth elements (REEs), U and Th concentrations in plant and soil samples from a mining 

area. The data obtained by k0-method were used to calculate the amount of the concentrations of these elements 

present in the sample soil that were uptaken and fractionated in the studied plants by parameters commonly 

used, the Transfer Factor (TF) and Bio-concentration Coefficient (BC). The results showed that TF was slightly 

enriched to REEs (mainly La and Nd) and U and depleted to Th. The results presented to BC confirmed that 

among plant organs the root accumulated higher REEs concentration levels (root > stem > leaf) and on leaves 

were not detected Sm (Baccharis crispa), Eu (Baccharis crispa and Tibouchina granulosa) and Yb (Pteridium 

arachnoideum). Among species studied, Pteridium arachnoideum (fern) was the one that most uptaken and 

accumulated REEs, U and Th. 

 

Keywords: Neutron Activation Analysis, k0-method, Rare Earth Elements, Transfer Factor, Bio-concentration 

Coefficient, Soil-Plant System. 

 

 

 

1. INTRODUCTION 

 

Nuclear techniques have been very useful in environmental studies either through the use of 

radioactive tracers or in the determination of elemental concentrations in all types of samples 

collected in the environment. Among the most applied nuclear techniques for studies 
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determining the presence of chemical elements and their concentrations is neutron activation 

analysis (NAA).  

 

At the beginning, the technique was widely used for analysis in geological studies; [1,2] later 

in agriculture subjects analysing soil and fertilizers; [3,4] and more recently in archaeological 

and environmental researches. [5,6]  

 

NAA is an analytical technique for determination of elemental composition by inducing 

artificial radioactivity in a sample, by irradiation with neutrons and subsequent radioactivity 

measurement. [7,8,9,10] 

 

The usual procedure [11,8] for irradiation consists in initially packing the samples in their 

respective polyethylene tubes with a 0.5 mL capacity. These tubes, in turn, are packed in 

larger polyethylene tubes intercalated with the neutron monitors - Al-0.1% Au alloy discs, 

IRMM-530R [12] (6 mm diameter, 0.2 mm height) - which is inserted in other so-called 

"rabbits". These are suitable tubes for the insertion of the polyethylene tubes in the carrousel 

of the reactor in a specific irradiation channel. 

 

Among the major advantages of using NAA in environmental studies is the ability to analyse 

70% of the natural chemical elements (multielement) that present suitable properties to 

thermal neutron. Besides, it is a primary technique, that is, fully traceable. [11,8] However, 

this technique has many others advantages as it enables accurate results, is highly sensitive, 

selective and non-destructive. [7,13] Among the methods of applying the NAA in an 

instrumental way, the k0 method has been outstanding in the last decades because there is not 

the inconvenience of using standards for the elements of interest in the analysis, which 

increases the accuracy of the method and decreases the uncertainties in the obtained results. 

[14,15] 

 

The rare earth elements (REEs) are, in a biological context, trace elements non-essential to 

plants and others living organisms. However, they have been considered as emerging 

pollutants, due to their multiple applications, especially in the high technology industry. [16] 

In the last decades the applications of these elements for agricultural purposes have been 

concerned with the bioaccumulation processes of REEs by living organisms in the 

environment. [17] Recent publications have presented results for the toxicity of this groups of 

elements in plants [18] and animals. [19,20,21] Although the nomenclature of these elements 

are neither Earths (powder) nor Rare, many of them are more abundant than many others 

elements considered essential.  

 

Due to this features, the NAA technique becomes essential in qualitative and quantitative 

studies in which REEs occur with concentrations at the trace level, and in different types of 

matrices, as to soil-plant system. NAA in these studies can offer more analytical sensitivity 

than those achieved by other methods, producing results in trace level. [7,11,13]  

 

This study is an assessment in order to get a better understanding of the behavior of REEs, 

uranium (U) and thorium (Th) incoming from a mining area, focusing in the transfer and bio-

concentration mechanisms of these elements in the soil-plant system. These two mechanisms 

are an empirical approximation that allows to evaluating the transfer through elemental 

absorption from soil to plant as well as to verifying the fractionation of this element 

accumulated at root to plant organs aboveground (stem, leaves, fruits, flowers, etc.). This is 
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one of the main routes to introduce anthropogenic trace elements and radionuclides into the 

several biosphere compartments, mainly by food chain. 

 

 

2. MATERIALS AND METHODS 

 

2.1. Study Area, Sampling procedures and Sample preparing 

 

Three plant species Baccharis crispa (herb/bush), Tibouchina granulosa (tree), Pteridium 

arachnoideum (fern) and a portion soil were sampled at mill tailings named BF-4 formed 

near of an uranium mine (open-pit type). The uranium mine “Osamu Utsumi” (fig.1) is 

owned by Indústrias Nucleares do Brasil (INB-Caldas/MG) and is inserted into a UTM 

(Universal Transverse Mercator) coordinate polygon (23S WGS 84) 7,563,000 - 7,582,000 N 

and 342,000 - 355,000 E – a two-dimensional Cartesian coordinate system – approximately 

460km from Belo Horizonte, MG, Brazil. Currently it is in decommissioning phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Osamu Utsumi mine, INB-Caldas/MG [22]. 
 

 

a) Sampling procedures (Outdoor) 

The plants were collected whole (root, stem and leaves), stored in pre-washed polyethylene 

bags containing the geographic localization of each of them. The soil was sampled 20 cm 

deep from the top of the ground, put up in pre-washed polyethylene bags also identified by 

the respective geographical coordinates. [23] The plants and soil were kept inside pre-washed 
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polyethylene bags for onward transportation to the laboratory at Centro de Desenvolvimento 

da Tecnologia Nuclear (CNEN/CDTN), Belo Horizonte,MG. 

 

b) Samples preparation 

Plants: In the lab, the plants were washed with tap water and then, with deionized water. 

After, they were segmented in root, stem and leaves. After the samples were identified, 

conditioned in polyethylene beaker sealed with plastic film and preserved in a freezer. In a 

second step, the samples were submitted a freeze-drying process (lyophilization), weighed 

and crushed in a centrifuge at 10 rpm for 20 s in a heterogeneous granulometry. 

 

Soil: The soil was air-dried naturally for 2 weeks at environment temperature, ranging 30-

37°C. After drying, it was sieved in a 250 mesh (~ 2.00 mm) fraction. The preparation of the 

samples was according to the procedure described in IAEA-TECDOC-1360. [24] 

 

The samples (plants and soil) were weighted into polyethylene vials suitable for irradiation 

with neutron monitors. 

2.2. Analytical technique procedures: Neutron Activation Analysis (k0-method) 

 

Irradiation: The irradiation was performed at Centro de Desenvolvimento da Tecnologia 

Nuclear (CNEN/CDTN) using the TRIGA MARK I IPR-R1 a research reactor, a pool type 

and licensed to 100 kW power. The samples (Plants + Soil) and the reference material were 

irradiated for 8 hours
1
 following the irradiation channels IC-6, IC-7, IC-8 and IC-9, plants, 

and IC-10,soil, respectively, in the carrousel of the reactor, average thermal neutron flux 6.6 

x 10
11

 n.cm
2
.s

-1
, and average spectral parameters f is  22.32, and α is -0.0022 .  

 

Post-Irradiation: a) Gamma Spectrometry: after a suitable decay time, the samples and 

monitors had their induced radionuclides measured by gamma spectrometry, using an HPGe 

detector, CANBERRA
®

. The spectra were obtained with Gennie 2K, CANBERRA. b) 

Spectra deconvolution: The spectra were analyzed by HyperLab
®
 software V.2009.1. [25] c) 

Calculations: the elemental concentrations were calculated using the software package 

Kayzero for Windows
®
 V.2.46, specific for the k0-method. [26] 

  

2.3. Data processing 

 

2.3.1. REEs Normalization 

 

The REEs abundance values determined in the soil-plant samples presented in this study were 

normalized by PAAS (Post-Archean Australian Shale) values series [27] for TF (Transfer 

Factor) and BC (Bio-concentration Coefficient) calculations. 

 

 

 

 

                                                 
1
 Period sufficient to activate the radionuclides with short half-lives (until 3 d.) and long (more than 10 d.);  
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3.  RESULTS 

 

The lanthanides La, Ce, Nd, Sm, Eu, Tb and Yb were determined in this study. However, Pr, 

Gd, Dy, Ho, Er, Tm and Lu were determined in the samples, but the values for their 

concentrations were not included in this study, because these elements present nuclear 

properties not suitable to be analyzed conclusively at CDTN’s technical conditions. 

3.1. IAEA Soil-7 reference material 

 

Table 1 presents the recommended values and the results obtained for IAEA Soil-7, [28] 

reference material. It is possible to observe that the experimental results are in good 

accordance with the recommended.  

3.2. REEs (+ U and Th) vs. Soil-Plant: Absolut concentrations levels 

 

The REEs, U and Th abundance values (mg.kg
-1

), in this study, also are presented in Table1. 

 

Soil: The Osamu Utsumi mine soil was enriched by the REEs presence (∑= 847 mg.kg
-1

) In 

relation to the reference material (IAEA Soil-7) with a Light-REE/Heavy-REE ratio 

favorable to LREE-enrichment and HREE-depletion. In soil sample the individual REEs 

partitioning followed the sequence: Ce > Nd > La > Yb > Sm > Eu > Tb. Related to U and Th 

concentration levels, Osamu Utsumi mine’s soil was slightly enriched by U (∑= 45 mg.kg
-1

) 

and Th (∑= 76 mg.kg
-1

) respectively. 

 

Plants: In general the LREE absolute concentration levels were higher than HREE to plants 

ranging from 117 to 365 mg.kg
-1

. In the plants sample the individual REEs partitioning 

followed the sequence: La > Ce > Nd > Sm > Eu > Yb > Tb. The species presented U-

enriched concentrations levels in relation Th-depleted. About REEs, U and Th uptake by 

plant species is described as Pteridium arachnoideum (fern) > Baccharis crispa (herb/bush) > 

Tibouchina granulosa (tree). 

 

Table 1: ∑REEs, U and Th concentration in soil-plant samples at Osamu Utsumi mine 

(INB-Caldas/MG) and reference material (IAEA Soil-7). 

Elements 

INB-Caldas 

[present study] 

INB-Caldas 

[present study] 

INB-Caldas 

[present study] 

INB-Caldas 

[present study] 

IAEA Soil-7 

[28] 

 

Baccharis 

crispa 

 

 

Tibouchina 

granulosa 

 

 

Pteridium 

arachnoideum 

 

BF-4 Soil 

 
Experimental 

Values 

Recommended 

Results 

n = 3 n = 3 n = 3 n = 1 

mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 

La 297 ± 13 141 ± 3 761 ± 35 114 ± 16 28 ± 1 28 ± 1 

Ce 191 ± 8 88 ± 1 818 ± 43 584 ± 24 56 ± 2 61 ± 6.5 

Nd 85 ± 1 42 ± 1 240 ± 11 118 ± 6 33 ± 2 30 ± 6 

Sm 11.0 ± 0.1 1.7 ± 0.1 25.0 ± 0.3 12.1  ± 0.1 4.1 ± 0.2 5.1 ± 0.35 

Eu 0.80 ± 0.04 1.00 ± 0.03 7.00 ± 0.03 4.6 ± 0.2 1.1 ± 0.1 1 ± 0.2 

Tb 0.20 ± 0.01 0.20 ± 0.01 0.8 ± 0.1 2.1 ± 0.01 0.65 ± 0.03 0.6 ± 0.2 

Yb 0.60 ± 0.01 0.30 ± 0.02 8.00 ± 0.03 14.3 ± 0.6 2.4 ± 0.1 2.4 ± 0.35 

∑REE 575 ± 113 274 ± 52 1,860 ± 341 849 ± 195 125 ± 20 128 ± 21 

Th 7.20 ± 0.01 1.000 ± 0.003 27.0 ± 0.1 76 ± 3 8.1 ± 0.3 8.2 ± 1.05 

U 12.00 ± 0.05 9.0 ± 0.1 108 ± 6 45 ± 2 2.4 ± 0.1 2.4 ± 0.35 
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 3.2. Transfer factor (TF): The uptake by plant (from root to aboveground) 

 

The measurement of the transfer factor (TF) means, in this study, the ratio between REEs, U 

and Th concentrations in the aboveground plants and its accumulate concentration in the 

respective root plants (Tab.2 and Fig.2). This measure point out the uptake and was 

calculated by equation 1: 

 

 

𝑇𝐹 =  
[𝑎𝑏𝑜𝑣𝑒𝑔𝑟𝑜𝑢𝑛𝑑]

𝑟𝑜𝑜𝑡
 

 

Obs: The values used for the TF calculations to REEs corresponds the normalized (PAAS) 

total concentrations. 

 

 

The total value of TF measured aboveground related to the three vascular species to REEs 

was ∑= 42 mg.kg
-1

. This value corresponds to 25% of the concentration present in their 

respective roots. The TF value also showed a greater HREE-enrichment (∑= 28 mg.kg
-1 

or 

135%) comparing to the LREE-depletion (∑= 13 mg.kg
-1 

or 9%) in aboveground. On the 

other hand, it is just the opposite that it was presented in the roots, where LREE (∑= 148 

mg.kg
-1

) showed to be more enriched than HREE (∑= 21 mg.kg
-1

). It means that HREE 

translocate to aboveground more than LREE, that remained in the roots. 

 

In summary, the species plant REE-translocated to aboveground follow the sequence: 

Tibouchina granulosa > Baccharis crispa > Pteridium arachnoideum. Related to the TF 

values to U and Th, the concentrations show a tendency of these elements to be retained in 

the root, where U-enriched (∑= 331 mg.kg
-1

) is in opposite to Th-depleted (∑= 91 mg.kg
-1

). 

It is possible to observe that Tibouchina granulosa showed highest concentrations followed 

by Baccharis crispa and Pteridium arachnoideum. 

 

 

Table 2: TF of REEs, U and Th concentrations from root to aboveground.  

 

 

 

 

 

 

 

 

 

Plant Species 

REEs U Th 

Root-

uptake 

( mg.kg
-1

) 

TFaboveground 

(%) 

Root-

uptake 

( mg.kg
-1

) 

TFaboveground 

(%) 

Root-

uptake 

( mg.kg
-1

) 

TFaboveground 

(%) 

Baccharis 

crispa 
36  38% 30 3% 16 2% 

Tibouchina 

granulosa 
9 69% 1 60% 0.89 5% 

Pteridium 

arachnoideum 
124 35% 300 2% 74 1% 

(1) 
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Figure 2: TF of REEs, U and Th concentrations from root to aboveground. 

 

3.3. Bio-concentration coefficient (BC): The translocation from soil to each plant organ 

(root, steam and leaves) 

 

The measurement of the bio-concentration coefficient (BC) means, in this assessment, the 

ratio between REE-normalized (PAAS), U and Th concentrations in soil with the each plant 

segment (root, steam and leaf) concentration. This measure determined the pattern in the 

elemental translocation after its uptake from soil by the root until aboveground, edible parts 

plants, and it was calculated by equation 2:  

  

𝐵𝐶 =  
[𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒]

𝑠𝑜𝑖𝑙
 

 

In this assessment, the BC factor pointed out that there is an LREE-enrichment in opposite to 

an HREE-depletion with La and Nd, respectively, with the highest concentrations among 

lanthanides. The translocation followed the sequence: root > stem > leaves (except 

Tibouchina granulosa – stem > root > leaves) Fig.3 and Tab.3. 

 

The (root/soil) ratio to REEs translocation measured had the following BC values observed 

among plants species: Pteridium arachnoideum (∑= 34 mg.kg
-1 

or 80%); Baccharis crispa 

(∑= 11 mg.kg
-1 

or 81%); and Tibouchina granulosa (∑= 2.5 mg.kg
-1 

or 40%). All elements 

determined in the soil were also present in the root. The individual REEs partitioning in the 

roots, in general, followed the sequence: La > Nd > Sm > Ce > Eu > Tb > Yb. 

In the (stem/soil) ratio the REEs translocation measured had the following BC values 

observed: Pteridium arachnoideum (∑= 8 mg.kg
-1 

or 19%); Tibouchina granulosa (∑= 3 

mg.kg
-1 

or 44%); and Baccharis crispa (∑= 2 mg.kg
-1 

or 17%). All elements determined  in 

the soil were also present in the stem. The individual REEs partitioning followed the order: 

La > Nd > Sm > Eu > Tb > Ce > Yb.  

 

The (leaves/soil) ratio the REEs translocation measured had the following BC values 

indicated: Tibouchina granulosa (∑= 1 mg.kg
-1 

or 16%); Pteridium arachnoideum (∑= 0.36 

mg.kg
-1 

or 1%); and Baccharis crispa (∑= 0.30 mg.kg
-1 

or 2%). All elements determined in 

the  soil, Sm (Baccharis crispa); Eu (Baccharis crispa; Tibouchina granulosa) and Yb 

(Pteridium arachnoideum) did not presente translocation in the leaves of the species studied, 

(2) 

38% 

3% 2% 

Baccharis crispa 

REE U Th

35% 

2% 1% 

Pteridium arachnoideum 

REE U Th

69% 60% 

5% 

Tibouchina granulosa 

REE U Th
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respectively. The individual REEs partitioning in this organ followed the order: La > Nd > Ce 

> Tb > Sm > Eu > Yb. 

 

The total bio-concentration for U (8.5 mg.kg
-1 

or 19%) and for Th (1.4 mg.kg
-1 

or 2%) 

showed a variable translocate among plant organs. Among species, the Pteridium 

arachnoideum presented the highest (U = 7.1 mg.kg
-1 

or 16% and Th = 1.1 mg.kg
-1 

or 1%) 

and Tibouchina granulosa the lowest (U = 0.6 mg.kg
-1 

or 1% and Th = 0.04 mg.kg
-1 

or 0.1%) 

concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – REEs concentrations levels (mg.kg
-1

) BC on each plant organ. 
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Table 3: BC of REEs concentrations from soil to each plant organ. 

(*) n.d. = Not detected. 

 

 

3. DISCUSSIONS AND CONCLUSION 

   

 

In general, REEs concentrations in soil, in nature, reflect the patterns presented by the 

set of local rocks, but in depleted levels (except in areas with massive presence of REE-

minerals). Initially, the low REEs presence is associated with the few or no mobility, of 

some elements that REE-group compound, in soil. Originally, the transfer of these 

elements from rocks to surface soils occurs by weathering phenomenon, from the 

precipitation and leaching of mineral constituents presents in the rocks. Therefore, the 

mineralogical feature of soil sampled at BF-4, which has received material originating 

from the mine pit for decades, has a pattern slightly disturbed or a concentration level 

Sp. ELEMENTS 
BCROOT BCSTEM BCLEAVES 

mg.kg
-1

 mg.kg
-1

 mg.kg
-1

 

B
a

cc
h

a
ri

s 
cr

is
p

a
 

La 6.68 0.95 0.17 

Ce 0.75 0.21 0.03 

Nd 1.82 0.33 0.05 

Sm 1.58 0.31 n.d. 

Eu 0.13 0.21 n.d. 

Tb 0.10 0.19 0.03 

Yb 0.03 0.07 0.02 

∑REE (%) 81% 17% 2% 

Th (%) 0.02% 0.06% 0.3% 

U (%) 0.07% 0.2% 1.5% 

T
ib

o
u

ch
in

a
 g

ra
n

u
lo

sa
 

La 1.68 1.33 0.69 

Ce 0.29 0.08 0.09 

Nd 0.41 0.49 0.17 

Sm 0.05 0.36 0.01 

Eu 0.04 0.25 n.d. 

Tb 0.03 0.18 0.01 

Yb 0.01 0.05 0.004 

∑REE (%) 40% 44% 16% 

Th (%) 0.02% 0.04% 0.005% 

U (%) 0.04% 1.3% 0.008% 

P
te

ri
d

iu
m

 a
ra

ch
n

o
id

eu
m

 

La 16.58 3.22 0.19 

Ce 3.80 0.39 0.02 

Nd 4.82 1.32 0.05 

Sm 4.72 1.39 0.04 

Eu 3.47 1.04 0.03 

Tb 0.23 0.90 0.03 

Yb 0.84 0.22 n.d. 

∑REE (%) 80% 19% 1% 

Th (%) 1.3% 0.1% 0.005% 

U (%) 14% 1.1% 0.04% 
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slightly higher than in natural background and IAEA reference material (Tab. 1). REEs 

are present in higher concentration levels in plants than in soil in absolute 

concentrations, which suggests that plants may uptake these elements from other abiotic 

compartments (e.g. air by atmospheric precipitation). Therefore, it can be concluded 

that the REE-abundance in soil (BF-4) originated from the Osamu Utsumi mine is 

slightly REE-enriched with emphasis on LREE.  

 

Protano & Riccobono, (2002) [29] report the need to normalize these absolute values to 

smooth distribution patterns that would have the form of a zig-zag (Oddo-Harkins 

effect), where the elements with even atomic number are more abundant than elements 

with odd atomic numbers. In this assessment, the REE-absolute values by PAAS-

normalized showed the real pattern about REEs concentration levels which were used to 

calculate the TF and BC of REEs in the soil-plant system. In this scenario, it can be 

observed by LREE/HREE ratio, that among studied species, Pteridium arachnoideum 

(fern) had more REE uptaken. Although this plant had absorbed higher concentrations 

than the other species, it also had retained more elements coming from soil in its roots. 

It is the opposite that happened with Tibouchina granulosa. Concerning the bio-

concentration, it can be also observed among the species that Pteridium arachnoideum 

translocated less REEs concentrations in aboveground. Thus, it is possible to conclude 

that in the Osamu Utsumi mine, the Pteridium arachnoideum specie can uptake and 

accumulate considerable REE-concentrations, present in the host soil, than others 

species, mainly in the root. However, Tibouchina granulosa was the specie that showed 

most capacity of REE-concentrations translocate in the aboveground (stem > leaves) in 

relation to REE-concentration in host soil.  

 

The results point out that the REEs concentration levels in plants depend on not only the 

host soil, but also on other factors (e.g. different plant species). It is widely known that 

despite the low absorption of these elements by plants, there are species with higher 

capacity to accumulate REEs than others.  

 

The REEs bioaccumulation capacity was low in the studied plants, however, it was 

higher in roots – LREEs were in higher concentration - than in aboveground – HREEs 

were in higher concentration. Therefore, a slightly translocation capacity to 

aboveground was verified for all studied plants with absence of some elements as Sm 

(Baccharis crispa), Eu (Bacchais crispa and Tibouchina granulosa) and Yb (Pteridium 

arachnoideum) in leaves. 

 

Usually, from the uranium reserves mining are extracted approximately 90 to 95% of 

the mineral, being the fraction that goes to the mill tailings of a very low content of U. 

In this study, comparing the U concentration in soil with Th concentration, the results 

showed that the amount of U was higher than Th. It was expected as this is a region of 

high occurrence of U. As shown for REEs, Pteridium arachnoideum had uptaken more 

U than the other species.  

 

The use of NAA (k0-method) in this study was suitable, determining several REE in 

several matrices. In relation to the analyzed material, it is possible to conclude that there 

is a slightly considerable presence of REEs and a moderate content of U and Th in the 

BF-4 soil. This study also showed that these elements are being uptaken by the plants 

that grow up in this substrate. It is also possible to state that even growing on a same 

host substrate (BF-4), the species REE-uptake different concentrations. However, as it 
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is a preliminary study, it is necessary to carry out more researches on mineralogical and 

physical-chemical soil characteristics (pH, redox potential, organic matter, etc.) in order 

to correlate these data with a higher or lower availability and uptake these elements by 

plant species. Although this study deals about uptake of these elements from soil by 

plants, the foliar-uptake possibility through the atmospheric deposition, very common in 

mining areas, cannot be disregarded. 
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